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Longer anode life, longer diaphragm life, And as a result of our continuing 


reduced power consumption and reduced labor costs technical exchange program, GLC customers 
are the goals of the GLC program can look forward to still better 
of technical exchanges between our engineers anode performance in the future. 


and those of our chlior-alkali customers. Are your chlor-alkali operations 


GLC anodes now in use are achieving experiencing the cost-saving advantages of GLC anodes, 
greater records of performance than ever before. custom made to your special requirements? 
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Editorial 


A Story of Research 


M ANY months ago, we told, on this page, the hypothetical story 
of how colleges might select their best future students by methods of prenatal test- 
ing, and suggested that the research corporation might assure itself of a capable 
future staff in similar fashion. John Hersey, in his novel “The Child Buyer,” has 
found possibly a more promising scheme (also hypothetical, we trust). The book is 
highly recommended to every Vice-President in Charge of Research. 


Our part of the story is somewhat as follows: a large corporation, with a 50- 
year “National Defense” Project, and liberal government financing, needs brains. It 
finds that it can buy children with IQ’s approaching 200 and an intense interest in 
science, and condition them to its service. These children are of little use to their 
parents, are hated by their classmates, and in general are obnoxious to the commu- 
nity. In being made useful to the Project, they are first drastically brainwashed, by 
the use of drugs and special treatments. All memory is removed, without impairing 
future ability to learn and remember. Each “specimen” is then taught what he needs 
to know, and with no outside distractions this process is very rapid; in a few weeks 
he has mastered language, and has progressed from 1 + 1 = 2 to study of the cal- 
culus. In the course of time, he is given harder and harder problems to solve, and 
his education proceeds until his IQ, estimated by special tests, may approach or even 
exceed 1000. 


The subject is now pumped tremendous amounts of information which he will 
need for his lifework, and learns everything possible about the problems which he 
will be expected to solve. His capacity is unlimited, but the capacity of those who 
teach him is, so this period eventually comes to an end. At this point, the subject has 
not seen another being since his initiation and does not know that an outside world 
exists, except for his all-powerful but invisible Teacher. Now it is made impossible 
that any distracting influence may ever enter his future life, by methods which we 
shall skip. Henceforth he has nothing to do but think and communicate his thoughts 
to the Great Teacher, by the one simple method left to him, until eventually he has 
exhausted the possibilities in the store of information which was fed to him. 


Actually, the above story is somewhat incidental to the book. Mr. Hersey needed 
a dramatic story on which to build a structure of satire. The book reports verbatim 
the proceedings and testimony of a legislative committee investigation into the 
alleged child-buying. No opportunity is lost to exploit the idiosyncrasies of the people 
concerned: the committee itself, and the Senator who has a little trouble with Eng- 
lish (and ideas); the local school authorities, and the Principal who, in spite of the 
best intentions, cannot help giving evasive answers; the parents of the “specimen” 
concerned; the good-hearted and sympathetic teachers who become intrigued, after a 
while, with the idea of retiring with a little extra income. Perhaps the most honest 
and least venal character is the graduate of Boys Reform School, a lad with an un- 
exceptional IQ who tries to be a real friend to his gifted buddy. 
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Passivity and Corrosion Resistance of Titanium and Its Alloys 


N. D. Tomashov, R. M. Altoysky, and G. P. Chernova 


Department of Metal Corrosion, Institute for Physical Chemistry, 
Academy of Sciences of U.S.S.R., Moscow, U.S.S.R. 


ABSTRACT 


A brief review is given of possible ways to increase corrosion resistance of 
titanium in acids proceeding from analysis of its electrochemical character- 


istics and passive state stability. Rational ways of alloying titanium for acid 
resistance are indicated. Experiments include titanium alloys with palladium, 
chromium, and molybdenum in solutions of sulfuric and hydrochloric acids. 
It is established that the greatest increase of corrosion resistance is obtained 
when titanium is alloyed with cathodic additions capable of shifting the cor- 
rosion potential of alloys in the noble direction (as, for instance, by palladium 
and other noble metals) and simultaneously by metals which increase the 
tendency of titanium to passivate or which diminish the degree of its thermo- 
dynamic instability (as is the case with chromium, molybdenum, zirconium, 


and possibly tungsten). 


The present commercial titanium-base alloys are 
distinguished by their high corrosion resistance un- 
der natural conditions of exposure to the atmos- 
phere, soil, marine and fresh water, and also to 
oxidizing acids. Particularly remarkable is the good 
resistance of Ti to solutions of inorganic and organic 
chlorides. However, in some chemical media, es- 
pecially sulfuric and hydrochloric acid solutions, Ti 
and its alloys are not sufficiently resistant. There- 
fore much attention is devoted to the problem of in- 
creasing corrosion resistance of Ti in these media 
and to the development of Ti-base corrosion-resist- 
ant alloys. 

This paper discusses the possibilities of increasing 
the stability of the passive state and the corrosion 
resistance of Ti in H,SO, and HCl, i.e., in media 
where Ti may be either in an active or a passive 
state, depending on conditions. 

Analysis of experimental results on the stability 
of Ti in the passive state, mainly by a potentiostatic 
polarization curve (1), makes it possible to outline 
the main avenues for increasing the corrosion resist- 
ance of Ti. Resistance of Ti may be increased by 
shifting its steady-state potential either in the nega- 
tive (active) or in the positive (noble) direction. 
The potential may be made more active by ex- 
ternal cathodic polarization (cathodic protection) or 
by introducing cathodic inhibitors into the corrosive 
medium, which increase hydrogen overvoltage. This 
general method of protection is most likely not suf- 
ficiently effective for Ti. As has been shown by our 
studies, the corrosion rate of Ti in solutions of H.SO, 
or HCl may be diminished considerably by cathodic 
polarization; however, the required protective cath- 
odic current is very high. Moreover, it should be 
borne in mind that intensive absorption of H, takes 
place during cathodic polarization which affects the 
mechanical properties of Ti. 

Shifting the potential in the noble direction is 
much more efficient even in acids of a nonoxidizing 
nature. By such shift of potential the corrosion rate 
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of Ti can be diminished several hundredfold. The 
Ti is then in the passive state. 

This condition may be achieved in general by 
several methods: 


(a) By anodic polarization through an external 
current (anodic protection). As has been shown al- 
ready (2-4), Ti can be protected successfully from 
corrosion by a small anodic current in different ag- 
gressive chemical media (sulfuric, hydrochloric, 
formic, and oxalic acids). 

(b) By contact with noble metals, for instance, Pt, 
Pd, and others (5), or by depositing on the metal 
surface a porous coating of a noble metal (6). 

(c) By introducing into the corrosive medium 
cations of noble metals which are reduced and may 
be precipitated on the cathodic areas of local cells 
on the corroding metal, for instance, the ions of Pt**, 
Cu” (3, 7, 8). 

(d) By additions to nonoxidizing acids (H,SO, 
and HCl) of oxidizing anions (nitric, chromic acids), 
or some other oxidizers, for instance, Fe* (3, 7, 8). 

(e) By appropriate alloying. Some new possi- 
bilities of a rational choice of alloying components 
for acid-resistant Ti-base alloys are discussed below. 


Possibilities of Acid-Resistant Alloying of Ti 

Among the structural commercial metals Ti is one 
of the most thermodynamically unstable, but simul- 
taneously it is a most easily passivated metal. Pro- 
ceeding from the general principles of corrosion- 
resistant alloying (9, 10), it follows that an increase 
in the chemical resistance of these systems is 
achieved most efficiently by further increase in the 
stability of the passive state. In 1949 (11) we estab- 
lished the possibility of increasing the corrosion re- 
sistance of iron and stainless steels by increasing the 
stability of the passive state through small alloy ad- 
ditions of metals with noble electrode potentials 
(Cu, Ag, Pd, Pt, and others). Subsequently (12-13), 
we proved that the resistance of stainless chromium 
and chromium-nickel steels in solutions of H,SO, 


. 
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could be improved by alloying with small amounts 
(0.1-1%) of Pd or Pt. This type of alloying for in- 
creasing corrosion resistance of Ti-base alloys should 
be particularly promising considering the fact that 
Ti is passivated easily and that its passive state is 
stable even in the presence of Cl (2, 14). 

Recent work by Stern and Wissenberg (5) has 
demonstrated experimentally the possibility of ob- 
taining alloys which are passivated more easily and 
which are more corrosion resistant in H.SO, and HCl 
by alloying Ti with small additions of Pt, Pd, Rh, 
Ru, Ir, Os, Re, Au. Our previous work, independently 
and approximately concurrently, also proved that 
when Ti is alloyed with a small amount of Pd or Pt 
(1-2%) its corrosion resistance in these acids im- 
proved greatly (1). These alloys had good corrosion 
resistance in H,SO, up to 70% and in HCl up to 25% 
at 18°C. In more concentrated solutions, in more 
dilute solutions, at higher temperatures, the corro- 
sion resistance of the alloys Ti with Pt or Pd was 
considerably better than for Ti alone but insufficient 
to recommend these alloys for commercial use un- 
der these conditions. 

The present work was undertaken for the purpose 
of further improving the corrosion resistance of Ti 
alloyed with noble elements by introducing a third 
component. In our opinion these new components 
should be metals of the type Mo, Cr, Zr, Ta, and 
some others, which, like Ti, have a pronounced tend- 
ency to passivate but have a somewhat different 
shape of the anodic polarization curve. 

A number of investigators have proved the bene- 
ficial influence of Mo, Ta, Zr, and other metals on 
the resistance of Ti to chemicals (15-18). Simulta- 
neous alloying of Ti with small amounts of noble 
metals (Pt, Pd) in addition to a considerable amount 
of another easily passivated metal may result in 
more chemically resistant Ti-base alloys. 

In the present studies, a binary alloy of Ti-Pd 
was taken as the base. Palladium is the most avail- 
able of noble metals and increases the corrosion re- 
sistance of Ti even more than Pt (1). For alloying 
additions of easily passivated metals, Cr and Mo 
were used for the first series of experiments. 

Commercially pure Ti (BTI), commercially pure 
Mo, and electrolytic Cr and Pd were used for pre- 
paring the following alloys by melting (weight per- 
centage): Ti-unalloyed (remelted); Ti-0.1% Pd: 
Ti-2% Pd; Ti-15% Mo; Ti-15% Mo-0.1% Pd; Ti- 
15% Mo-2% Pd; Ti-15%Cr; Ti-15% Cr-0.1% Pd; 
Ti-15% Cr-2% Pd; Ti-5% Pd. 

The technology of vacuum electrofurnace melting, 
treatment of the ingots, and preparation of samples 
was that ordinarily employed for the preparation of 
similar experimental alloys. Chromium content did 
not exceed the maximum amount for which the in- 
termetallic compound of TiCr, appears in the struc- 
ture (19, 20). Corrosion rates were determined by 
weight loss. Polarization curves were recorded using 
an electronic potentiostat (21). 


Corrosion Resistance in H.SO, and HCl 


Results of corrosion tests of the alloys as a func- 
tion of H.SO, concentrations at the boiling temper- 
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Fig. 1. Corrosion of Ti and its alloys in boiling HSO, solutions 
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Fig. 2. Corrosion of Ti and its alloys in H2SO, solutions, 
18°C. 


ature and also at 18°C are presented in Fig. 1 and 2. 
These show that alloying Ti even in small amounts 
(0.1%) of Pd increases the corrosion resistance con- 
siderably. For instance, a 0.1% Pd alloy in 40% 
H.SO, at 18°C proved to be fivefold more resistant 
than unalloyed Ti. In boiling 10% H.SO, the alloy 
resistance is practically 35 times greater. An alloy 
with 2% Pd is much more resistant than the 0.1% 
Pd alloy. In boiling 10% H.SO, 2% Pd alloy is 156 
times more resistant than Ti. Further increase in the 
amount of Pd, up to 5%, does not increase corrosion 
resistance noticeably. At 18°C the 0.1% Pd alloy is 
resistant in up to 20% H.SO,, the 2% Pd alloy up to 
60%, the 5% Pd alloy up to 70% H.SO.. In 80% H.SO, 
the corrosion rate of Pd-Ti alloys is only 1.5-4.5 
times less than the corrosion rate of unalloyed Ti, 
and the corrosion rate of alloys in 90% H.SO, is 
practically the same as that of Ti. 

The 15% Mo alloy proved to be more resistant 
than Ti under all experimental conditions (2-4 
times). The addition of 0.1% Pd to a Ti-Mo alloy 
increases the alloy resistance 2-3 times. Moreover, 
the resistance of this alloy is the same as that of 
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the 2% Pd alloy. Resistance of the Ti-Mo alloy in- 
creases but little with the addition of 2% Pd com- 
pared with the Ti-15% Mo alloy which contains 
0.1% Pd. 

The Ti-15% Cr alloy shows no advantage over 
pure Ti; in fact in some cases it is inferior. Introduc- 
tion of 0.1% Pd to the Ti-15% Cr alloy gives some 
improvement. However, further addition of up to 
2% Pd increases the resistance of the alloy consider- 
ably. This is particularly noticeable in dilute, boil- 
ing H.SO, solutions. Here the corrosion rate of the 
Ti-15% Cr-2% Pd is less than 1/400 the corrosion 
rate of the binary alloy Ti-15% Cr, almost %4 that of 
Ti-2% Pd, and approximately % that of the Ti-15% 
Mo-2% Pd alloy. 

Results of corrosion tests of Ti and its alloys in 
HC! solutions at boiling temperature and at 18°C 
are presented in Fig. 3 and 4. Just as in the case 


Fig. 3. Corrosion of Ti and its alloys in boiling HCI solutions 
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Fig. 4. Corrosion of Ti and its alloys in HCI solutions at 18°C 


PASSIVITY & CORROSION RESISTANCE OF Ti 


of H.SO,, alloying Ti with Pd increases its resistance 
considerably. 

Considerable reduction in the corrosion rate in 
HCl is achieved even by small additions of Pd. Thus, 
in 25% HCl at 18°C, the resistance of Ti-0.1% Pd 
is 12 times that of unalloyed Ti, while the resistance 
of an alloy containing 2% Pd is 300 times greater. 
Increase in Pd content up to 5% does not increase 
resistance in HCl up to 25%, whereas in solutions 
of higher concentration (30-35%) this addition en- 
tails a drop in corrosion resistance. This may be 
associated with a larger amount of eutectoid a Ti + 
TiPd, in the Ti-5% Pd than in the Ti-2% Pd. When 
15% Mo is added to Ti, resistance increases con- 
siderably (approximately fivefold in 25% HCl). 


Electrochemical Studies 

Electrochemical characteristics of the basic alloy 
components used in the present study are presented 
in Fig. 5. The anodic and cathodic curves are for 
40% H.SO, at 18°C. 

The anodic polarization curve shows three char- 
acteristic points: 

1. V,-steady-state potential (when the external 
current is zero); the steady-state potentials for Cr 
and Ti proved to be rather similar. 

2. The potential for passivation corresponds to 
the maximum current of the anodic dissolution of 
metal. At potentials which are more positive (more 
noble) that the passivation potential (V, for Ti and 
V,’ for Cr, Fig. 5) the rate of anodic dissolution of 
metal diminishes. 

3. The potential for complete passivation of the 
metal (V., for Ti and V.,’ for Cr) corresponds to 
minimum anodic current. At potentials which are 
more positive than the potential of complete pas- 
sivation, the metal is in the passive state which is 
maintained by the external anodic polarization. 


4 Ti, Ti-2Pd 
Fig. 5. Polarization curves of Ti, Cr, Mo, Pd, and the Ti-2% 


Pd alloy in 40% H.SO, at 18°C. The (Vx) values of the 
steady-state potentials are shown on the left-hand side. 
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The difference in the anodic behavior of Ti and Cr 
is as follows: at very positive potentials the passive 
state of Ti is not destroyed, whereas for Cr a state 
of transpassivation sets in (22-24) under which 
it begins to dissolve in the form of hexavalent ions. 
The anodic current which corresponds to the po- 
tential of passivation (V,’) for Cr is considerably 
greater than that for Ti (V,). The complete passiva- 
tion potential for Cr (V.,’) is noticeably more neg- 
ative (active) than for Ti (V.,). The overvoltage 
of hydrogen on the surface of Cr is somewhat less 
than on that of Ti. 

The anodic curve for Mo is of a somewhat dif- 
ferent shape. Its steady-state potential in 40% H,SO, 
is +0.3 v, i.e., it is considerably more noble than the 
potential of complete passivation of Ti in this me- 
dium. The anodic dissolution of Mo is observed only 
when there is a considerable shifting of its potential 
in the positive direction. Comparison of weight 
losses and amount of electricity passed helped to 
determine, both here and in previous work (25), 
that the dissolution of Mo takes place to hexavalent 
ions. Molybdenum is a corrosion-resistant metal in 
H.SO,. Therefore dissolution of Mo in the form of 
ions of the highest valency under anodic polarization 
may be interpreted as a state of transpassivation. 
The overvoltage of hydrogen on Mo is considerably 
lower than on Ti or on Cr. 

Palladium does not dissolve anodically in H.SO,. 
The increase in the anodic current at high positive 
potentials corresponds to oxygen evolution. The 
overvoltage of hydrogen on Pd is much lower than 
on Ti or Mo. 

Polarization curves for Ti, Cr, Mo, and Pd in 30% 
HCl have similar shapes. The main differences from 
those presented in Fig. 5 which concern H,SO, are 
as follows: Cr is not passivated in HCl even at high 
anodic current densities (50 ma/cm’). The over- 
voltage of hydrogen on Ti in HC] is lower than on 
Cr. Unlike the H,SO, system, Pd dissolves anodically 
in HCl. 

Figure 5 also presents the polarization curve for 
the Ti-2% Pd alloys. The cathodic curve for this 
alloy is from 0.35 to 0.40 v more noble than the 
cathodic curve for Ti owing to a considerable de- 
crease of hydrogen overvoltage because of the Pd 
in the alloy. The steady-state potential of the alloy, 
therefore, is in the range of potentials where Ti is 
completely passivated. This explains the corrosion 
resistance of the Ti-2% Pd alloy in H.SO, up to 60%, 
and also in HCl up to 30%. The region of anodic dis- 
solution is absent on the anodic curve for the alloy. 

In order to interpret the increased chemical sta- 
bility of ternary alloys Ti-Mo-Pd and Ti-Cr-Pd 
electrochemically, anodic polarization curves were 
obtained for Ti-Mo and Ti-Cr alloys by the poten- 
tiostatic method. These were compared with steady- 
state potentials for the alloys Ti-2% Pd, Ti-15% 
Mo-2% Pd, Ti-15% Cr-2% Pd. The results for 80% 
H.SO, are presented in Fig. 6. Comparison of the 
anodic curves for Ti in 40% H,SO, (Fig. 5) and 
in 80% H.SO, (Fig. 6) shows that passivation of Ti 
is hindered in 80% H.SO,. This follows from the 
fact that the anodic current required for Ti passiva- 
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Fig. 6. Anodic polarization curves of Ti and alloys in 80% 
H.SO, at 18°C. The horizontal dotted line indicates the region 
of the steady-state potentials of Ti-2% Pd, Ti-15% 
Mo-2% Pd, and Ti-15% Cr-2% Pd. 


tion in 80% H.SO, is much higher than in 40% 
H.SO,, and the potential for complete passiva- 
tion is shifted greatly to the positive (noble) di- 
rection as against its position for 40% H.SO,. There- 
fore, alloying Ti with 2% Pd no longer yields such a 
marked increase in the corrosion resistance in 80% 
H.SO, as was observed in 40% H.SO,. The steady- 
state potentials of the alloy are in the range where 
Ti is not fully passive. Therefore a rather large re- 
gion of anodic dissolution (although somewhat 
smaller than for pure Ti) is observed during anodic 
polarization. 

Previous work showed that alloying Ti with Pd 
does not have any direct influence on the anodic 
process of Ti ionization. With this basis, the corro- 
sion rate of the alloy can be calculated provided the 
steady-state potential of the alloy and the curve 
of the anodic polarization of pure Ti under given 
conditions are known. Comparison of calculated and 
experimental data obtained by direct corrosion tests 
has shown good agreement (1). Therefore, the value 
of the corrosion rate of the ternary alloys Ti-Mo-Pd 
and Ti-Cr-Pd can be calculated graphically if we 
measure their steady-state potentials and determine 
the current density for anodic dissolution of Ti-Mo 
alloy and Ti-Cr alloy at the same potential. 

As noted in the discussion of Fig. 5, a much bigger 
anodic current is required for anodic passivation of 
Cr than for Ti. Therefore, alloying Ti with Cr re- 
sults in an increase of anodic current required for 
passivation of the alloy, i.e., the ability of the alloy 
to dissolve anodically increases. In keeping with 
this, the Ti-15% Cr alloy is less resistant than the 
unalloyed Ti. 

As indicated earlier, Mo does not dissolve at the 
same potential which suffices for the active anodic 
dissolution of Ti. Anodic dissolution of an alloy of 
Ti with Mo is considerably smaller than that of Ti. 
This has also been noted in a previous paper (18). 
This explains the higher resistance of the Ti-15% 
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Fig. 7. Anodic polarization curves of Ti and alloys in boiling 
10% H.SO,. The diagram shows the region of steady-state 
potentials of Ti-2% Pd, Ti-15% Mo-2% Pd, and Ti-15% 
Cr-2% Pd, and the range of steady-state potentials of the 
alloys Ti-0.1% Pd, Ti-15% Mo-0.1% Pd, and Ti-15% 
Cr-0.1 % Pd. 


Mo alloy over Ti. At high positive potentials the 
Ti-15% Mo alloy, unlike Ti, acquires the ability to 
dissolve anodically (transpassivation). Behavior of 
the alloy in this range of potentials is determined by 
that of pure Mo (Fig. 5). The steady-state potentials 
of the alloys Ti-15% Mo-2% Pd, Ti-15% Cr-2% 
Pd, and Ti-2% Pd, have nearly similar values, as 
is shown in Fig. 6. At this potential the current for 
anodic dissolution of Ti-15% Mo and Ti-Cr alloys, 
owing to the shifting of the complete passivation 
potential to the negative (active) side, relative to 
Ti, is considerably less than the current for anodic 
dissolution of Ti. Moreover, the current for Ti-15% 
Cr alloy dissolution is even less than the current 
for Ti-15% Mo alloy dissolution. In keeping with 
this, the corrosion resistance of Ti-15% Cr-2% Pd 
and Ti-15% Mo-2% Pd is much higher than the 
resistance of the binary alloy Ti-2% Pd. 

Figure 7 shows anodic curves for Ti and the alloys 
Ti-15% Mo and Ti-15% Cr in boiling 10% H.SO.. 
In this case the complete passivation potentials of 
Ti and of the alloys practically do not differ one 
from another. However, the anodic current for dis- 
solution of alloys in the passive state, particularly 
for the Ti-15% Cr alloy, is considerably less than 
the current for Ti. In the range of steady-state po- 
tentials of the alloys Ti-15% Cr-2% Pd, Ti-15% 
Mo-2% Pd, and Ti-2% Pd (see Fig. 7) the anodic 
dissolution current of the Ti-15% Cr alloy is less 
than that of the Ti-15% Mo alloy and that of the 
latter is less than that of Ti. Alloys of Ti-15% Cr- 
2% Pd, Ti-15% Mo-2% Pd, and Ti-2% Pd stand 
in the same order as regards corrosion resistance. 

A similar explanation may be offered for the 
higher corrosion resistance of Ti-15% Mo-0.1% Pd 
compared to Ti-15% Cr-0.1% Pd and Ti-0.1% Pd 
in boiling 10% H,SO, if the currents for anodic dis- 
solution of Ti-15% Cr, Ti-15% Mo, and unalloyed 
Ti at the steady-state potentials are compared 
(Fig. 7). 
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Fig. 8. Anodic polarization curves of Ti and alloys in 35% 
HCI at 18°C. The diagram shows the region of steady-state 
potentials of Ti-2% Pd, Ti-15% Mo-2% Pd, and Ti-15% 
Cr-2% Pd. 


Figure 8 presents the anodic curves for Ti and for 
Ti-15% Mo and Ti-15% Cr in 35% HCl at 18°C. 
In this case, at a potential possessed by all these al- 
loys and Ti-2% Pd, the anodic current density for 
the first is less than that for the second while that 
of the last is less than that of Ti. These data agree 
with the results of corrosion tests (Fig. 4) which 
prove that in 35% HCl, Ti-15% Mo-2% Pd is more 
resistant than Ti-15% Cr-2% Pd which, in turn, is 
more resistant than Ti-2% Pd. 

Thus the results of corrosion tests agree fully with 
the results of electrochemical measurements. This 
is confirmation of the electrochemical mechanism 
of corrosion of Ti alloys and of the suggested rational 
approach to improving their corrosion resistance by 
creating conditions for more complete passivation. 
The beneficial influence of Mo or Cr on corrosion 
resistance of Ti-Pd alloys is explained by the fact 
that both these elements decrease the current for 
anodic dissolution of Ti or that of its alloy with 
Pd, close to the steady-state potentials of these al- 
loys. For Cr alloys this is achieved because Cr has 
a more negative potential of the complete passiva- 
tion than Ti. In the case of the Mo alloy it is due 
mainly to considerable decrease of the ability of the 
Ti-Mo alloy to dissolve anodically. The positive in- 
fluence of additional alloying of Ti-Cr or Ti-Mo 
with Pd does not change the nature of the passiva- 
tion noticeably, but shifts the steady-state potential 
in the positive (noble) direction considerably. This 
is why the steady-state potentials of Ti-Cr or Ti-Mo 
alloyed with Pd are in the range of values where 
the currents for anodic dissolution are much less 
than those for unalloyed Ti. Analysis of polariza- 
tion curves helps to indicate rational ways of devel- 
oping corrosion-resistant alloys and, in particular, 
the acid-resistant alloys based on Ti. 
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Basic Principle of Developing Ti-Base 
Corrosion-Resistant Alloys 


As has been indicated in previous papers (26-27), 
the corrosion of Ti in H.SO, and HCl proceeds with 
anodic control predominate. In keeping with the 
previously elaborated principles (9, 10), the great- 
est resistance of Ti should be expected when it is 
alloyed with elements that diminish anodic activity. 
There are three ways of reducing the anodic activity 
of Ti: 

1. By cathodic alloying, i.e., by using alloying 
elements capable of causing a shift of the steady- 
state potential of the alloy in the positive (noble) 
direction; by diminishing the overvoltage of the 
cathodic reaction to such values that the dissolution 
of Ti decreased considerably. 

2. By using alloying elements which diminish 
the ability of Ti to dissolve anodically by reducing 
the thermodynamic instability of the alloy. 

3. By using alloying elements which increase 
passivity. Titanium possesses a great tendency to 
passivate (10), but it is possible by appropriate al- 
loying to intensify this tendency still further. 

Elements of the first group include noble metals: 
Pt, Pd (1, 9-13) and also, as has been shown by ex- 
periments conducted by Stern and Wissenberg, Ru, 
Rd, Ir, and Os (5). 

The second group includes Ni which, as shown by 
others (15), increases corrosion resistance. Also in 
this group are Mo and W which are thermodynam- 
ically more stable than Ti. Besides reducing the 
thermodynamic instability of Ti these metals can 
also increase its passivity. 

In the third group are such elements as Zr, Ta, Cr, 
and possibly Mo. As seen in Fig. 5, Cr, at potentials 
close to that for complete passivation of Ti, has a 
lower anodic dissolution rate, i.e., it is in a more 
stable passive state under these potentials and in a 
similar way changes the onset of the passive state 
of the Ti-Cr alloys (see Fig. 6-8). 

An increase in the corrosion resistance of Ti by 
cathodic alloying is a promising approach since this 
method requires only small additions of alloying el- 
ements. 

In order to achieve high corrosion resistance by 
alloying with a metal which is thermodynamically 
more stable or which is more easily passivated, it is 
necessary to add a considerable amount of the alloy- 
ing component. For instance, according to Rudiger 
and Fischer (17), alloys of Ti with Mo acquire high 
corrosion resistance only when the Mo content is 
brought up to 20-30%. 

As shown by the present investigation, in order 
to achieve further improvement in the corrosion 
resistance of binary alloys of Ti-noble element, it is 
expedient also to add a third component (and per- 
haps introduce an even more complicated alloying 
pattern). The third alloying component should either 
shift the complete passivation potential of the alloy 
to the more negative region (e.g., Cr) or consider- 
ably diminish the anodic dissolution current in the 
proximity of the steady-state corrosion potential of 
the alloy (e.g., Mo), or influence the electrochemical 
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behavior of Ti along these two avenues simultane- 
ously. 
Conclusions 

1. Alloying Ti with Pd considerably increases 
corrosion resistance in H.SO, and HCl. A substantial 
lowering of the corrosion rate is observed even when 
Ti is alloyed with a small amount of Pd (0.1%). A 
higher Pd content (>2%) is deemed inexpedient. 

2. Electrochemical investigations show that the 
increase in corrosion resistance when Ti is alloyed 
with Pd takes place owing to a shift of the steady- 
state potential of the alloy by a decrease in hydro- 
gen overvoltage to the region of values where Ti is 
either partially or completely passive. 

3. Alloying Ti with Mo increases resistance via 
a considerable inhibition of the anodic dissolution 
reaction of the alloy. This takes place due both to an 
increase in passivation of the alloy and, apparently, 
to some increase in thermodynamic stability. 

4. Asa rule alloying Ti with Cr only does not 
add to its corrosion resistance while, in some cases, 
it even diminishes it since in H.SO, and HCl, at a 
potential corresponding to the steady-state potential 
of Ti, Cr possesses a lesser tendency to passivate 
than does Ti. 

5. Ternary alloys Ti-Pd-Mo and Ti-Pd-Cr have 
high resistance in H.SO, and HCl. This is associated 
with a considerable shifting of the steady-state cor- 
rosion potentials of these alloys in the noble direc- 
tion due to the influence of alloying with Pd and to 
a concurrent reduction of the anodic dissolution 
current in the proximity of the steady-state poten- 
tial by alloying with Cr or Mo. 
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Oxidation of Copper between 250° and 450°C 
and the Growth of CuO “Whiskers” 


E. A. Gulbransen, T. P. Copan, and K. F. Andrew 


Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 


ABSTRACT 


Thin oxide whiskers have been found to grow on copper by a number of 
investigators. The relation of these growths to the mechanism of oxidation and 
to changes in the kinetics of oxidation remains to be established. To answer 
these questions a study was made of the oxidation of copper using the vacuum 
microbalance method to determine the kinetics of reaction, x-ray and electron 
diffraction methods for study of the oxide crystal structures, and a high resolu- 
tion electron microscope to determine the size and surface density of the oxide 
whiskers. 

The results show that the oxidation of copper follows the cubic rate law 
between 250° and 450°C. Small embryonic whiskers are formed at 250°C and 
6 hr of reaction. A surface density of 10°/cm* of long thin oxide whiskers was 
found at 450°C after 6 hr of oxidation. Less than 1% of the oxygen reacting 
with the metal at 450°C resulted in the growth of oxide whiskers. We con- 
clude on the basis of the cubic rate law plots and analyses of the whiskers 
size and density that the formation of oxide whiskers, although of great 
interest as a natural phenomena, had no appreciable effect on the kinetics of 


the oxidation process. 


The purpose of this paper is to report on a study 
of the growth of oxide whiskers on copper and their 
relationship to the kinetics and mechanism of oxida- 
tion. The growth of fine oxide whiskers on copper 
has been observed by Pfefferkorn (1-3), Cowley (4), 
Takagi (5), and by Morita, Usio, and Seiyama (6). 
Since all theories of oxidation assume the growth 
of a uniform oxide film, the growth of oxide whiskers 
may influence the kinetics and mechanism of oxida- 
tion. 

Fischmeister and Drott (7) in a study of the Ag- 
H.S system related the growth forms of the reaction 
product to the kinetics of reaction. A sudden increase 
in the reaction rate was accompanied by the appear- 
ance of needles perpendicular to the surface. 

Hauffe (8) has suggested that oxide needles may 
grow on top of thick layers of oxide. Diffusion 


through a simple oxide film was suggested to be the 
rate-controlling step. This cannot be true under all 
conditions since Pfefferkorn (3) has reported oxide 
whiskers to form on copper after reacting for 5 sec 
in air at 400°C under conditions where a very thin 
purple tarnish film was formed. 

Studies on the initial stages of oxidation of cop- 
per by Gronlund and Bénard (9) and by Harris, 
Ball, and Gwathmey (10) have shown that for cer- 
tain conditions the initial oxide film is discontinu- 
ous. 

A comprehensive review of the earlier oxidation 
studies of copper was given by Tylecote (11) in 
1950 while Gulbransen and McMillan (12) reviewed 
the crystal structural aspects of the oxidation proc- 
ess in 1952. The work of Matyas (13, 14) is of par- 
ticular interest from the kinetic point of view. Be- 
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tween 300° and 550°C the oxidation of copper 
followed the parabolic rate law. Cu.O was formed 
below 250°C while, between 300° and 600°C, Cu,O 
and CuO were formed. Diffusion of copper ions 
through the lattice was proposed. In an electron dif- 
fraction study Gulbransen and McMillan (12) 
showed that the cuprous ion was mobile in the Cu.O 
lattice between 300° and 500°C. 

Young, Cathcart, and Gwathmey (15) studied the 
rates of oxidation of several faces of single crys- 
tals of copper using a polarizing spectrometer at 
temperatures between 70° and 178°C. Large differ- 
ences were observed between faces. Lawless and 
Gwathmey (16) studied the structure of oxide films 
on different faces of a single crystal of copper. Cu,O 
was the major oxide formed between 170° and 
450°C with CuO forming above a certain minimum 
thickness. Orientation relationships were presented. 
Tylecote (17) has studied the composition of cop- 
per oxide films by reduction in hydrogen and nitro- 
gen. 

Somple Preparation and Method 


The method in brief was to oxidize strip speci- 
mens of copper in the vacuum microbalance reaction 
system (18, 19) under controlled conditions of time, 
temperature, and pressure. Measurements were 
made in a semicontinuous manner on the weight 
gain as a function of time. By means of x-ray dif- 
fraction and electron diffraction analyses crystal 
structure studies were made of the oxide films 
stripped from the metal electrochemically. Crystal 
habit studies were made on the edge of small half- 
disk samples using the electron microscope. 

Samples for rate studies were 0.0125 cm thick 
strips 1.35 cm wide and 1.98 cm long OFHC copper. 
Specimens weighed about 0.6801 g. Table I shows 
the spectrographic analyses. Small half-disks of 
metal 0.0125 cm thick and 3 mm in diameter were 
reacted along with the large specimens for electron 
microscope and electron diffraction studies. 

All samples were abraded under purified kerosene 
through 4/0 polishing paper and cleaned (20). 

The electron microscope was a 100 kv RCA EMU- 
3-D with the new electron diffraction adapter. A 
modified Guinier-Hagg focussing x-ray diffraction 
camera (21-23) was used. The radiation was NiK,. 


Results 
Kinetics.—Oxidation curves are shown in Fig. 1. 
A pressure of 7.6 cm of Hg was used for all experi- 


Table |. Spectroscopic analysis of copper sheet 


Element ppm 
Al 0.2 
Ni 1 
Si 9 
Ag 2 
Ca 0.3 
Cr 10 
Fe 15 
Mg 3 
Mn 11 
Pb 0.5 
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Fig. 1. Effect of temperature on oxidation of copper, 7.6 cm 
of Hg of O.; A, 250°; B, 300°; C, 350°; D, 400°; E. 450°C. 


ments. The weight gain is in »g/cm’, the time in 
minutes. A rapid initial rate of oxidation was found. 
As the oxide film increased in thickness the rate of 
oxidation decreased. This suggests that a protective 
oxide film was formed. No evidence was seen in Fig. 
1 for a change in mechanism of oxidation over the 
time and temperature conditions studied. 

Reproducibility of the oxidation curves was + 
20%. This poor reproducibility may be due to the 
complex nature of the reaction, since two oxides are 
formed, and to the fact that loss of adhesion may be 
occurring on a micro scale. The oxide scale spalled 
from the metal on cooling for several of the experi- 
ments. 

Although Matyas (13) found the parabolic rate 
law to fit the data we have found the cubic rate law 
to give a better empirical correlation. The cubic rate 
law states W = At'* + C (24). Here W is the weight 
gain, t is the time, and A and C are constants. 

Figure 2 shows a plot of W vs. t’” for the 250°C 
experiment. A straight line was observed for oxida- 
tion times of 2-240 min. The cubic rate law was 
found to fit all of the rate law data empirically ex- 
cept for the first several minutes of reaction. We 
conclude from Fig. 1 and 2 that the mechanism of 
oxidation does not change appreciably over the time 
course of the experiments. 

A plot of the cubic rate law constants A vs. 1/T 
gives a heat of activation of 18,300 + 2,000 cal/g 
mole. The slight difference in agreement with the 
values reported in literature might be attributed to 
the poor reproducibility of our oxidation curves and 
the fact that the conditions for reaction were not 
identical to those used by the other investigators. 

Formation of oxide whiskers.—Electron micro- 
graphs were taken of the straight edges of the ox- 
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Fig. 2. Oxidation of copper, 250°C, cubic plot, 7.6 cm of 
Hg of O2, abraded through 4/0. 
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Fig. 3. Growth of oxide whiskers on pure copper, 7.6 cm of 
Hg pressure O:, 6-hr experiments; A, 250°; B, 300°; C, 325°; 
D, 350°C. Magnification 6000X before reduction for publica- 
tion. 


idized half-disk samples using 100 kv electrons. 
These were reacted under the same conditions as 
the strip specimens. Figure 3A shows small embry- 
onic oxide whiskers to form at 250°C. The whiskers 
were about 1500A in diameter and from 1000A to 
7500A high. Higher magnification electron micro- 
graphs show a structure in the whiskers. Figure 4 
shows the outer sheath to be about 1500A in size. 
However, a denser core about 150A in diameter was 
found in the center. The light band or outer sheath 
surrounding the central core of the whisker is the 
result of contamination within the electron micro- 
scope. Contamination is inherent in vacuum systems 
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Fig. 4. Oxide whiskers on pure copper, 250°C, 7.6 cm of 
Hg oxygen pressure, 6-hr experiment. Magnification 30,000X. 


where pump oils and rubber gaskets are utilized. 
The deposition is particularly noticeable after a 
specimen has been exposed to the electron beam for 
some length of time. When a very short exposure 
time is used, the whiskers appear to be free of the 
contaminant. 

We estimate the surface density of these whiskers 
formed at 250°C to be 5 x 10°/cm’. This estimate is 
subject to error since the surface of the half-disk 
is not smooth. Some of the small whiskers may be 
concealed by surface irregularities. From the diam- 
eter of the core of the oxide whisker, the surface 
density, and a surface roughness ratio of 1 we esti- 
mate the fraction of surface area involved in 
whisker formation to be about 8 x 10°%. The weight 
of oxygen associated with these growths is less than 
0.002 ng/cm’*. This compares to a weight gain of 30.2 
»g/cm’* found in the oxidation experiment. We con- 
clude that the formation of oxide whiskers at 250°C 


Table ti. Electron microscope examination of oxide films on pure copper 


Oxide thickness, 
ue/cm? 


Whisker growth 
30.2 Local-small 
42.5 General 
58.7 Generil 
80.6 General-heavy 
98.3 General-heavy 

126 Dense-heavy 

162.5 


Dense-heavy 


148 Dense-heavy 


* Diameter includes contamination. 


Size and distribution 
Density 


Diameter* 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 
Max. length 
Diameter 
Avg. length 150,000 
Max. length 250,000 
Also a few heavy whiskers 


5 x 10° 


8 x 10° 


8 x 10° 


1 x 10° 
140,000 
500-1500 
25,000 
130,000 
500-1300 
45,000 
200,000 
500-1300 
66,600 
233,100 
500-1300 


1 x 10° 


5 x 10° 


1.0 x 10° 


1.0 x 10° 
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Fig. 5. Oxide whiskers on pure copper, 450°C, 7.6 cm of 
Hg of O., 6-hr experiment. Magnification 3000X. 


has no effect on the kinetics of the oxidation reac- 
tion. 

Figure 3B, C, and D shows electron micrographs 
of the oxide whiskers formed after 6 hr oxidation 
runs at 300°, 325°, and 350°C. Although the extent 
of oxidation changes from 30.2 pg/cm’* at 250°C to 
80.6 »g/cm’* for the 350°C experiment the number 
and lengths of the oxide whiskers has increased 
greatly. These data are summarized in Table II. 

Electron diffraction transmission studies were 
made of the oxide whiskers. CuO was the only crys- 
tal structure observed. These studies are summarized 
in Table ITI. 

Figure 5 shows an electron micrograph of the ox- 
ide whisker growths formed after a 6-hr oxidation 
at 450°C. Two sizes of oxide growths are observed, 
small whiskers about 500A in diameter and larger 
whiskers about 1300A-1500A in diameter. The 
smaller whiskers grow to much longer lengths than 
the thicker whiskers as seen in Fig. 5. These re- 
sults are summarized in Table II. 

High magnification electron micrographs show all 
of the oxide whiskers formed between 300° and 
500°C to have a central core of about 150-200A. 
This suggests that the oxide whisker diameters are 
nearly independent of temperature. Takagi (5) has 
observed some dependence of whisker diameter on 
temperature for iron above 600°C. Assuming a sur- 


Table II!. Composition of oxide films and oxide whiskers formed on copper, 6-hr experiments, 7.6 cm of Hg of O. 
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face density of 10° and a diameter of 200A we esti- 
mate the fraction of surface involved in whisker 
formation to be 3 x 10°% for the 450°C experiment. 

We can calculate for the 450°C experiment the 
weight of oxygen in the oxide whiskers and compare 
this with the total weight of oxygen reacted with 
the copper. We assume a surface roughness ratio of 
unity in evaluating the number of oxide whiskers 
and a density of 6.45 for CuO. Using a diameter of 
200A and an average length of 150,000A we calcu- 
late the weight of oxygen in the whiskers to be 
about 0.8 ug/cm’. This is to be compared with a total 
pickup of oxygen of 148 ug/cm”. In these calculations 
we have neglected the shorter but heavier whiskers. 
These occur with a surface density of less than 5% 
of the finer whiskers and are less than half of the 
length of the finer whiskers. 

We conclude that less than 1% of the oxygen re- 
acted at 450°C for 6 hr results in whisker formation. 
Under these conditions no appreciable effect should 
be noticed on the weight gain-time curves. No effect 
was observed in our studies. 

Composition and crystal structure studies.—Table 
II shows a summary of the results. The x-ray dif- 
fraction studies were made on specimens of oxide 
stripped electrochemically from the oxidized sur- 
face. A Guinier-Hagg focussing camera was used 
which enables one to study the thin oxide films by 
transmission. No absorption corrections are neces- 
sary since the thin film is used directly. Cu.O was 
found to be the main oxide at 250°C and a mixture 
of CuO + Cu,0O at 425°C. Electron diffraction studies 
showed the outer layer of the oxidized surface to 
be CuO while electron diffraction studies of the ox- 
ide whiskers showed CuO. We conclude that Cu.0O is 
formed next to the metal with CuO being formed in 
the outer layer and in the oxide whiskers. 


Conclusions 

Kinetic studies were made on OFHC copper over 
the temperature range 250°-450°C. Smooth weight 
gain vs. time curves were found with the rate of 
reaction decreasing as the oxide film thickened. The 
cubic rate law was fitted to the data for the time 
range of 2-360 min of reaction. No change with time 
of the rate law constants was observed. 

X-ray and electron diffraction analyses were 
made of the film, and electron microscope studies 
were made of the size and surface density of the 


Composition 
Wt. gain, Oxide Film, x-ray Film, Whiskers, 

Temp, °C ug/em?* film color diff. (trans.) E.D. (reflection) E.D. (trans.) 

250 30.2 Black Cu.O0 + S.A.* CuO CuO + tr.** Cu.0 

300 41.1 Black CuO 

325 58.7 Black CuO + tr. Cu,O CuO 

350 80.6 Black CuO CuO 

375 91.1 Black CuO + Cu.O 

400 126.0 Black CuO 

425 115+ Black CuO + Cu,O CuO 


* S.A., small amount 
** tr., trace 
t Spalled on cooling. 
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oxide whiskers. The whiskers were found to be CuO 
while the crystal structure of the oxide film was 
Cu,O at 250°C and mixtures of Cu,O and CuO at the 
higher temperatures. Electron microscope: studies 
showed embryonic oxide whiskers to form after 
6 hr of reaction at 250°C. The whiskers have a thin 
core of CuO about 150A in diameter and a thicker 
sheath of contamination. The contamination is ob- 
served only by high voltage and high resolution 
electron microscopy. 

An anaiysis of the rate law plots and of the 
whiskers suggests that the growth ef oxide whiskers 
at 450°C has not influenced the kinetics of oxida- 
tion or the mechanism of oxidation. 


Manuscript reccived May 26, 1960; revised manu- 
script received Sept 30, 1960. This paper was prepared 
ee before the Houston Meeting, Oct. 9-13, 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
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Correction 


In the paper by Milton Stern and A. C, Makrides 
“Inhibition of Metal Dissolution by Ferric Sulfate” 
[107, 877-883 (1960) ] in the November 1960 Journal 
there are two typographical errors. In Table I on 


page 881, the third column heading should read 
k - 10° (cm/sec); in Table II on page 882, the value 
of k should be k = 6.4: 10° cm/sec. 
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The Oxidation of Tin 


I!l. The Mechanisms of Oxidation of Pure Tin and Their Dependence 
on Time and Oxygen Pressure 


William E. Boggs 


Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 


ABSTRACT 


The rate curves obtained for the oxidation of pure tin at oxygen pressures 
of 1 mm Hg and above are sigmoid-shaped. The initial stage, in which the oxi- 
dation rate increases, is explained by nucleation and lateral growth of the 
oxide. Kinetic data fit an equation derived by Evans for the nucleation and 
lateral growth of an oxide film. Subsequently, the rate becomes logarithmic, 
and in this region cavities that act as diffusion barriers develop in the oxide 
film. The existence of cavities at the metal-oxide interface has been revealed 
by electron microscopy, and mechanisms for their formation and growth are 
presented. An activation energy is derived that is assumed to be associated 
with the diffusion of tin ions through the oxide film in areas between the 
cavities. Thus, the mechanism operating in the region of logarithmic growth 
is not simple. Basically, it consists of the diffusion of tin ions through the 
dense regions of the film according to a parabolic or cubic relationship. It is 
complicated, however, by the formation and growth in the oxide film of 
cavities that progressively reduce the area available for the passage of tin ions 
through the film, as suggested by Evans. The net effect of these concurrent 
processes on the kinetics of oxidation is the observed logarithmic rate. For 
still longer times of oxidation, the thick oxide film may or may not rupture, 
which results in an erratic rate of oxidation. 

At oxygen pressures of less than 1 mm Hg, the oxidation rate increases 
continuously with time over the period investigated, and the dissociation of 
oxygen appears to be rate controlling, at least initially. The oxide film formed 
at these low oxygen pressures consists of fine dendritic crystals, rather than 
the large single-crystal platelets formed at higher pressures. The dendritic na- 
ture of the films indicates that the amount of oxygen available for oxide forma- 
tion is depleted by the reaction faster than it is replaced from the atmosphere 
in the reaction vessel. 


The two previous papers in this series discussed 
the influence of temperature and pressure on the 
kinetics of the oxidation of pure tin foil (1), and the 
microstructure and mode of growth of the oxide 
films as revealed by the electron microscope (2). 
The major portion of the data obtained above an 
oxygen pressure of 1 mm Hg has been shown to fit 
a direct logarithmic rate law of the type w = k log 
(at + 1), whereas at pressures below 1 mm, the 
rate of oxidation increases continuously with time 
(1). At the same time, the oxide film develops as 
relatively large platelets at the higher pressures 
and as fine dendrites at the low pressures (2). 
The crystalline oxidé has been shown to spread 
laterally over the tin surface from growth centers 
and grain boundaries, with an increasing oxidation 
rate in the initial stages of oxidation at the higher 
pressures. The structure of the growth centers 
changes with pressure, but the number remains ap- 
proximately the same, 2 x 10°/cm’. At the higher oxy- 
gen pressures, the rate of oxidation becomes logarith- 


dritic structure observed here is apparently non- 
protective. The initial rate-determining process, at 
pressures less than 1 mm, is believed to be the dis- 
sociation of molecular oxygen. 

Since the direct logarithmic rate law is observed 
frequently for the oxidation of many metals at 
relatively low temperatures (3), it is not surprising 
that the oxidation of tin should conform to this 
rate law at temperatures below the melting point of 
tin. Unfortunately, a logarithmic plot of experimental 
data is not very sensitive, and almost any process 
that tends to approach a limiting value will obey 
some sort of a logarithmic law (4). Several explana- 
tions for logarithmic behavior have been proposed 
in the literature (3, 5-8). It appears likely that 
many of these mechanisms are valid in certain sys- 
tems, but that there is no single universal mechanism 
which gives rise to logarithmic behavior in all metal- 
oxidation systems. The worker must, therefore, 
select the explanation that best fits his experimental 


mic, after laterally spreading oxide platelets begin to 
impinge on each other. At the lower pressures (at 
least during the time period of this investigation), 
the rate never becomes logarithmic, and the den- 


data and seek independent confirmation of his con- 
clusions. In the present investigation, the electron 
microscope proved to be a powerful tool for obtain- 
ing the necessary independent data. 
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The explanations for logarithmic oxidation rates 
may be divided roughly into two groups: (a) the 
electrical theories proposed by Mott (6), Uhlig (5), 
and Engell, Hauffe, and Ilschner (8), and (b) the 
mechanical or geometrical theories proposed by 
Evans (9). 

Theoretical Considerations 
Region of Increasing Oxide-Growth Rate 


As was shown in the first paper (1), the rate of 
oxidation is initially low, increases to a maximum, 
and then begins to decrease as it enters a period of 
logarithmic behavior. The initial sigmoid curl has 
been shown to be associated with the nucleation and 
lateral growth of the oxide crystals. Evans (10) has 
suggested that the data from this region of nuclea- 
tion and lateral growth should fit the equation 


dw/dt = k* [l-exp (—kt") ] 


where n is 2 if the nuclei all appear simultaneously 
at time t = 0, and n is 3 if the nuclei keep appearing 
sporadically in time and space. It is reasonable to 
assume that all nucleation sites are present in the 
metal surface at the start of oxidation. This hypo- 
thesis is supported by the fact that the number of 
oxide growth centers observed by means of the 
electron microscope remained approximately the 
same, 2 x 10°/cm’, regardless of the oxidizing con- 
ditions: time, temperature, and oxygen pressure. 

A rough fit of the data for the oxidation of tin at 
three temperatures, 180°, 190°, and 200°C, has been 
obtained, with the assumption that n = 2. The con- 
stant k appears to be essentially independent of 
temperature, at least in the 20° interval tested, al- 
though it includes the elements of nucleation density 
and radial growth velocity (10), Table I. However, 
the proportionality constant k* shows a definite 
temperature dependence. It is necessary to obtain 


Table |. Rate data and calculation of constants in Evans’ equation 
for nucleation and lateral growth 


dw/dt Temp, Time, Weight, k*, 
ag/cem?/min min ug 


0.00085 180 20 0.086 0.0015 0.0019 


0.00090 30 0.0012 
0.00100 40 0.104 0.0011 
0.00105 50 =0.113 0.0011 
0.00110 60 0.124 0.0011 
0.00125 70 80.136 0.0013 
0.00150 80 0.149 0.0015 
0.00190 90 =0.165 0.0019 
0.0014 Average 
0.00210 190 20 0.076 0.0011 0.0058 
0.00315 30 0.103 0.0049 
0.00380 40 0.139 0.0046 
0.00470 50 0.0050 
0.00570 60 0.234 0.0058 
0.0052 Average 
0.0039 200 «20 0.160 0.0013 0.0096 
0.0059 30. 0.211 0.0085 
0.0073 40 0.275 0.0083 
0.0092 50 0.358 0.0096 
0.0090 Average 
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additional experimental data from a wider tempera- 
ture range before attempting a rigorous interpre- 
tation of the kinetics of the nucleation and lateral 
growth of stannous oxide. 

Since the number of etch pits found on a sample 
of the tin foil, electropolished and annealed in the 
same manner as the oxidized specimens, is also about 
2 x 10°/cm’, it is suggested that oxide growth centers 
are associated with dislocations in the metal. 

In view of experimental observations accumulated 
during the course of this study, the following mech- 
anism is postulated for the nucleation and lateral 
growth of the stannous oxide film toward complete 
coverage. 

It appears that a certain energy is required for 
the nucleation of crystalline oxide. Evidently, oxide 
growth centers may occur at dislocations. As tin 
ions diffuse from the dislocations into the oxide 
growth centers, these growth centers grow laterally 
and vertically, but as the distance from the center of 
the dislocation increases, the rate of growth appears 
to decrease. When the growth centers reach a certain 
maximum size, their growth is essentially halted. 
By this time, certain of the growth centers have be- 
gun to sprout the laterally spreading oxide platelets 
that grow to impingement. It is not known why the 
laterally spreading platelets do not grow from all of 
the growth centers. Perhaps future experimental 
observations will clarify the mechanism of the for- 
mation and growth of the oxide nuclei, growth cen- 
ters, and platelets. 


Region of Logarithmic Behavior 


It was shown in the second paper (2) that cavities 
develop at the oxide-metal interface during the 
period of logarithmic behavior. These cavities in- 
crease in size as the oxidation time increases, until 
after 1000 min at 220°C and 10 mm oxygen, for 
instance, the area of contact between the metal and 
the oxide is reduced by as much as one-third. 

The concept of the formation of cavities at the 
oxide-metal interface has been used by Evans (9) 
in the derivation of one version of the direct 
logarithmic rate law. An interpretation of this 
derivation is given in the Appendix. The basic as- 
sumptions are that (a) formation of cavities at the 
oxide-metal interface interferes with the movement 
of cations from the metal into the oxide; (b) where 
no cavities exist, the movement of ions conforms 
to a simple diffusion mechanism; and (c) lateral 
diffusion of cations in the skin of oxide bridging the 
cavities does not change the oxidation rate signifi- 
cantly. Thus, the oxidation rate must be proportional 
to the area of the oxide-metal interface not covered 
by cavities and to the velocity with which the 
cations move through the oxide film to the oxide- 
oxygen interface. 

The kinetic and microstructural evidence obtained 
during this investigation tend to support these as- 
sumptions. It has been shown that the area of con- 
tact between the oxide and the metal decreases with 
time and that, simultaneously, the oxidation rate 
decreases with time and conforms to the direct 
logarithmic rate law. The cavities have nearly ver- 
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Fig. |. Arrhenius plot of parabolic rate constants « siculated 
from logarithmic rate data for the oxidation of tin from 150° 
to 220°C 


tical walls and the skin covering them appears to 
be very thin; this suggests that lateral diffusion in 
the oxide skin is not important in the oxidation 
process. 

The movement of tin ions through the oxide film 
would be expected to conform to one of the simple 
rate laws, that is, the parabolic rate law (w* = k,t) 
or the cubic rate law (w* = k,.t), where w is the 
weight of the oxide at time t, and k, and k, are the 
parabolic and cubic rate constants, respectively. 
Either of these rate laws can be fitted into the de- 
rivation of the logarithmic rate law given in the Ap- 
pendix. The parabolic or cubic rate constants for 
different temperatures can be calculated by using 
the experimental data from the region of logarithmic 
behavior. An activation energy of 26 kcal/mole is 
obtained from the temperature dependence of either 
of these sets of rate constants, Fig. 1. In this treat- 
ment, no means was found for distinguishing be- 
tween these two rate laws. 

Thus, it appears that the movement of tin ions 
through the a-SnO crystal lattice in the regions be- 
tween the cavities is governed by a chemical (11) 
or electrical potential gradient (6, 8, 12) or combina- 
tion of the two, but that no distinction can be made 
between the two in the explanation of logarithmic 
oxidation behavior proposed by Evans. The forma- 
tion of the cavities, with the resulting decrease in 
the number of tin ions moving through the film, ap- 
pears to be the more important process in causing 
the observed logarithmic behavior. 

Possible reasons for cavity formation.—There are 
several possible explanations for the formation of 
cavities at the oxide-metal interface. Evans has sug- 
gested that cationic vacancies moving to the inter- 
face may coalesce to form the cavities (9). If a-SnO 
is a p-type semiconductor with cation vacancies, 
such as FeO and Cu.O, the semiconductor model and 
interface equilibrium equations could be written as 
follows (13-15). 
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% O, + 2e= O 


O Sa* O* Sa” 
O Sn* O 


% O,=Sn0+0+26 


Sn“ O 0 oO Sn” Sn+0+26=Nil 


Sn = Sn* + 2e 


Sn + %O,=SnO 


where {J is a cation vacancy, @ is a positive hole, 
and Nil represents a stoichiometric crystal. In this 
model, oxygen reacts with tin at the oxygen inter- 
face and removes two electrons from tin*’ ions; 
thus two positive holes and a tin-cation vacancy are 
formed. A tin ion can jump from a lower atom layer 
into a vacancy. This leaves a vacancy in its place, 
and as the process continues, the vacancy eventually 
reaches the oxide-metal interface. Electrons ex- 
change positions with positive holes in somewhat 
the same manner. It is usually assumed that ions are 
not free to move in a solid by simple thermal dif- 
fusion at temperatures below the Tammann tem- 
perature (16). If this is correct, and since ion move- 
ment is involved, the ions in the stannous oxide must 
move under the influence of the electrical field set 
up by the dissociation of oxygen at the outer sur- 
face and the ionization of tin at the oxide-metal in- 
terface (12). A tin atom at the oxide-metal interface 
can fill a cation vacancy in the oxide lattice, and 
the electrons produced can change two positive holes 
to normal cations. This produces a stoichiometric 
crystal and leaves a vacancy at the oxide-metal in- 
terface. The cation vacancy may now remain at the 
metal-oxide interface, pass into the metal and be- 
come annihilated at a dislocation, or pass through 
the metal (if sheet or foil) and join a cavity on the 
far side (9). Vacancies remaining at the interface 
may collect to form cavities. 

The considerations of Dravnieks and McDonald 
(17) extend this type of mechanism for the growth 
of voids to include n-type, metal-excess semiconduc- 
tors. According to these investigators, when a metal 
ion moves into the oxide, a hole is left in the metal. 
Thus, as metal ions move into the oxide lattice, an 
empty space of unicellular thickness (a space 1-tin- 
atom-diameter high) is formed at the interface. The 
Maxwell-Boltzmann distribution law requires that 
such a space degenerate into cavities and points of 
contact between the oxide and the metal. As the oxi- 
dation process proceeds, the unicellular spaces will 
develop into cavities of microscopic dimensions. 

With either type of semiconductor oxide, the 
cavity will contain a gas phase consisting of vapor 
of the metal and the oxide, and oxygen at the dis- 
sociation pressure of the oxide. This pressure is so 
low, at the temperatures of these experiments, that 
it would not support any appreciable reaction rate 
at the base of the cavities, and thus it can be ignored. 

The arguments of Vermilyea (18) that the metal 
moves into the oxide lattice only from lattice steps 
at the oxide-metal interface tend to oppose this 
mechanism. According to these arguments, the va- 
cancies produced at the interface are destroyed by 
the motion of the step along the surface. Since the 
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formation of cavities is observed during the oxi- 
dation of tin to very low temperatures (150°C), it 
must be that tin ions and vacancies are more mobile 
in the oxide lattice than is commonly believed, or 
that the atoms can jump into the tin-oxide lattice 
from positions other than lattice steps, once a com- 
plete oxide film has been formed. Otherwise, alter- 
native mechanisms for the formation of voids must 
be proposed. 

It is difficult to picture a mechanism by which 
voids could be produced and grow at the oxide-metal 
interface in a system in which oxygen anions 
rather than tin cations were the diffusing species, 
such as in an n-type anion-deficit semiconductor 
(anion vacancies). The vacancies would be produced 
at the oxide-metal interface and move outward to 
the oxide-gas interface. Furthermore, enough oxy- 
gen should diffuse into any cavities of the shape 
demonstrated in this work to support an appreciable 
rate of oxidation at the base of the cavities. 

Other possible mechanisms for the formation of 
the observed cavities include some sort of plastic 
flow on the part of the oxide in relief of stress, and 
the coalescence of vacancies, the source of which is 
the metal base itself (19). In view of the softness of 
tin as compared to the hardness of its oxide, it ap- 
pears that the tin would be more likely to flow under 
stress than would the oxide. On the other hand, the 
condensation of vacancies from the metal itself ap- 
pears to be an attractive alternative hypothesis. The 
experiments were conducted in a temperature range 
in which vacancies should be free to move in the 
tin lattice but not so easily in the oxide. Also, quali- 
tatively at least, it appears that the cavities comprise 
a volume greater than can be accounted for by the 
coalescence of vacancies produced by the defect re- 
action proposed above. It may be that more than one 
mechanism is operating to produce the observed 
cavities. 


Semiconductor Classification of a-SnO.—Experi- 
mental evidence tends to support the hypothesis that 
a-SnO is a p-type cation-deficit semiconductor. The 
rate of oxidation is sensitive to oxygen pressure (1). 
Wagner (11) has shown from theoretical considera- 
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Fig. 2. Effect of external oxygen pressure on the electrical 
conductivity of stannous oxide film. 
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tion that the rate of growth of an n-type excess in- 
terstitial metal oxide, such as ZnO, is practically in- 
dependent of external oxygen pressure, whereas 
the rate of growth of a p-type metal-deficit oxide 
such as FeO should be pressure sensitive. Further- 
more, the electrical conductivity of a p-type oxide 
should increase with increasing oxygen pressure 
whereas the electrical conductivity of an n-type 
oxide should decrease. The electrical conductivity 
of a-SnO increases with increasing oxygen pressure, 
Fig. 2. Finally, the addition of a minor constituent 
of proper ionic radius and of higher valence than 
the major metallic constituent should increase the 
rate of oxidation if the oxide is a p-type cation-de- 
ficit semiconductor (9, 13). And, in fact, the addition 
of 0.05 at. % bismuth to the tin appears to increase 
the rate of oxidation, Fig. 3. 


Region of Erratic Oxidation Rate 

It is to be expected that as the oxide film grows 
the oxide skin bridging the cavities should even- 
tually become so strained that it would fracture, 
thereby admitting oxygen to react directly with the 
metal at the base of the voids, thus causing an in- 
crease in oxidation rate (20). Figure 3 of the first 
paper (1) represents the data obtained when 
samples of tin were oxidized at 10 mm oxygen 
pressure and 220°C long times. After 1000 minutes, 
there is in some instances an increase in rate, and 
the resulting oxide film shown in Fig. 18 of the 
second paper (2) contains fewer voids and appears 
to be fragmented. 

It is believed that fracture of the very thin film- 
covering of the voids allowed oxide to form in the 
holes. This further increased the stress on the film 
and caused it to break up. Both the fracture of the 
skin over the cavities and the subsequent breaking 
of the oxide crystals caused an increase in the rate 
of oxidation. 


Oxidation at Low Oxygen Pressure 
Evidence was presented in a previous paper (1) 
that the dissociation of oxygen is rate controlling at 
oxygen pressures less than about 1 mm Hg, and that 
the microstructure of the oxide film formed at these 
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Fig. 3. Comparison of the oxidation of pure tin with the 
oxidation of a tin and 0.05% bismuth alloy. 
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lower oxygen pressures is radically different from 
that of the oxide film formed at pressures above 1 
mm. The film formed at the lower pressures consists 
mainly of fine dendrites or filaments, whereas much 
larger single-crystal platelets form at the higher 
oxygen pressures. 

These observations make possible a partial charac- 
terization of the film that may be present initially 
on the tin surface. It is possible to change the con- 
centration of oxygen in this film by changing the 
external oxygen pressure. 

To explain the dendritic oxide growth, it seems 
reasonable to assume an initial surface film of 
variable oxygen concentration, such as an incom- 
plete layer of oxygen adsorbed or chemisorbed on 
the tin surface, or a mobile film consisting of tin 
ions and oxygen ions, but having no fixed chemical 
composition. The crystalline oxide nucleates at pre- 
ferred sites such as grain boundaries and disloca- 
tions and then grows outward from the sites of 
nucleation. The area between adjacent oxide fila- 
ments becomes depleted of oxygen as the oxygen in 
the surface film is incorporated into the crystal 
lattice of the oxide filaments; therefore, the major 
growth of the oxide crystallites must be outward 
laterally into the areas richer in oxygen. As the 
external oxygen pressure is raised, the initial film 
approaches oxygen saturation, and the oxide even- 
tually appears as platelets rather than as filaments 
or dendrites. 

The oxide growth centers observed in films grown 
at low pressures are also different from those formed 
in oxygen at 1 mm and above. In the low-pressure 
region (10° mm) they assume shell-like shapes 
suggestive of spiral growth, and there is apparently 
no critical size such as is observed at the higher 
pressures. The low-pressure growth centers are 
polycrystalline and the high-pressure ones consist 
of one or a small number of much larger crystals. 
This probably explains why the low-pressure 
growth centers do not have a critical size. The 
number of these growth centers per unit area was 
of the same order of magnitude, 2 x 10°/cm’, as the 
number formed at higher pressures; this is again 
suggestive of association with dislocations in the 
metal substrate. 


Summary 
Rate curves for the oxidation of tin at oxygen 
pressures of 1 mm Hg and above are sigmoid-shaped. 
The rate of oxidation is initially low, increases to a 
maximum, and then decreases. After relatively long 
times, the data become erratic and the oxidation 
rate may increase. The “foot” of the sigmoid curve, 
the period of increasing rate, is caused by the 
nucleation and lateral growth of oxide crystals over 
the surface of the tin. The kinetic data obtained 
during this period of increasing rate can be made to 
fit the equation 
dw/dt = k* [l-exp(—kt") ] 
where n is assumed to be 2, since all nucleation 
sites are believed to be present on the metal sur- 
face at the start of oxidation. 
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After the coverage of the metal by a compact 
crystalline oxide film is essentially complete, cav- 
ities begin to appear at the oxide-metal interface. 
These grow and coalesce as the thickness of the 
oxide film increases. As these cavities grow, they 
constitute a progressively more extensive barrier 
to the diffusion of ions through the oxide film; this 
causes the reaction rate to decrease more rapidly 
than would be expected in a normal diffusion pro- 
cess. The interplay between the decrease in the 
speed with which the ions move through the film 
as it thickens and the decrease in the number of ions 
caused by the lessening of the area of oxide in con- 
tact with the metal causes the observed logarithmic 
behavior. For the oxidation of tin, the direct 
logarithmic rate law 


w (1/2k,) In (k,’p*k,t) 
or 
w= (1/3 k,) In (k,’ p’ k.t) 


may be considered to be a deviation from the class- 
ical parabolic or cubic rate laws. An activation 
energy of 26 kcal/mole for the diffusion of tin ions 
through the SnO film has been derived by using a 
mathematical treatment based on these assumptions. 

The most attractive explanation of the formation 
of the voids at the oxide-metal interface is that 
vacancies produced by the incorporation of oxygen 
into the stannous oxide crystal lattice at the gas- 
oxide interface diffuse to the oxide-metal interface 
and coalesce. Some experimental evidence on this 
point indicates that a-SnO is a p-type, cation- 
deficit semiconductor, such as would be required 
for the operation of the proposed mechanism of 
cavity formation. 

At oxygen pressures of less than about 1 mm, the 
rate of oxidation increases continuously with time, 
and the dissociation of molecular oxygen, at least 
initially, appears to be rate controlling. The oxide 
films formed at these low oxygen pressures consist 
of fine dendritic crystals rather than the large, 
single-crystal platelets formed at the higher pres- 
sures. The dendritic nature of the films formed at 
low pressures, coupled with the observation that 
dissociation of molecular oxygen may be rate con- 
trolling, indicates that the oxygen at the surface of 
the metal is depleted by reaction with the tin faster 
than it is replaced from the gas phase. Thus, it is 
suggested that any film initially present on the metal 
surface consists either of a nonstoichiometric, mobile 
film of oxygen ions and tin ions, or of an incomplete 
monolayer of chemisorbed oxygen. 

The concentration of oxygen in such a film ob- 
viously would be sensitive to the external oxygen 
pressure. Over the entire range of oxygen pressures, 
certain characteristic oxide structures are initially 
observed that serve as growth centers from which 
larger crystalline platelets develop to form the con- 
tinuous oxide film. Inasmuch as the number of these 
growth centers is of the same order of magnitude as 
the number of etch pits developed in electropolished 
and vacuum-annealed tin samples, it is suggested 
that these growth centers are associated with dis- 
locations in the metal substrate. 
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APPENDIX 
Evans’ Derivation of the Logarithmic Rate Law 


The growth of cavities at the oxide-metal interface 
reduces the available area of contact between the oxide 
and the metal to a times its original amount (a < 1), 
so that 

dw/dt = pdy/dt 
becomes 
dw/dt = ap dy/dt 


where dw/dt is the rate of change in weight of the 
total oxide film, dy/dt represents the thickening rate 
of the film at places where no cavities have been 
formed, a represents the fraction of area not covered 
by cavities, and p is the density of the oxide in the ab- 
sence of cavities. The chance that a vacancy may be 
retained at the interface is presumably proportional to 
the number of sites available, so that 


—da=k,adw 
Ina=k,w+k, 


a = exp (—k,w + ke) = exp (—k.w) exp 
= k,exp (—k.w) 


but when w = 0, since none of the area is yet covered 
by cavities, for a to equal one k; must equal one, there- 
fore 

a = exp (—k.w) 


Assuming that the rate of change of y falls off ac- 
cording to a single rate law such as the parabolic law 
where k, is the parabolic rate constant from the ex- 


pression 
=k,t 
y = (k,)'"t'” 
dy/dt = (k,)'*/2t'” 
dw/dt = [p exp (—k,w) | [ (k,)*”/2t’”] 
exp (k,w)dw = %p(k,)*” dt/t'” 
exp (k,w)/k; = + ky 
= In (k, p + k,k,) 
w = (1/k,) In {[ (k, + kk} 


1 
w= > k, In p k,t + (k,k,)*7] 
Thus we have the standard logarithmic formulation 
w = K In (at + b) 
1 
where K = = ki, a = k,?p*k,, and b = (k:k:)'” 


In the logarithmic oxidation of tin, since t = 0 when 
w = 0, therefore b — 1. 


The Oxidation and Corrosion of Zirconium and Its Alloys 


VI. The Mechanism of the Fission Fragment Induced Corrosion of Zircaloy-2 


B. Cox, K. Alcock, and F. W. Derrick 


United Kingdom Atomic Energy Authority, Atomic Energy Research Establishment, 
Harwell, Didcot, Berkshire, England 


ABSTRACT 


The results of investigations of the corrosion of zircaloy-2 in high-tempera- 
ture uranyl sulphate solutions under irradiation are reported. The kinetics of 
corrosion under these conditions are compared with the kinetics of corrosion 
in water and aqueous solutions out-of-pile, and with the aid of electron micro- 
scopy a mechanism for the irradiation enhanced corrosion is offered. 


Zirconium alloys are, at present, the most suitable 
corrosion resistant neutron transparent materials 
available for structural use in atomic reactors where 
pressurized water is employed as coolant and mod- 
erator. Zircaloy-2, an alloy developed in the U.S.A. 


for this purpose, has been used widely for fuel ele- 
ment cladding in this type of reactor, and its cor- 
rosion resistance, and that of other zirconium alloys, 
has been examined extensively in the absence of 
irradiation (1). Data on the effect of mixed neutron 
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and gamma irradiation in high-temperature water 
and aqueous solutions are scanty but serve to indi- 
cate that under these conditions, there is no signifi- 
cant change in the uniform corrosion of zircaloy-2 
(2-4). 

In one proposed version of the Homogeneous 
Aqueous Reactor a circulating uranyl] sulfate solu- 
tion provides fuel, moderator, and coolant. The most 
economic form of this system employs two zones, an 
inner zone in which fissile material is consumed, and 
an outer zone in which fissile material is produced 
by the irradiation of thorium in the form of a thoria 
slurry. The vessel separating these two zones is re- 
quired to have a low neutron absorption, and a high 
corrosion resistance to fissioning urany] sulfate solu- 
tion,on one side and to thoria slurry on the other. 
Elimination of possible materials of construction for 
one or other of these reasons reduces the choice to a 
zirconium alloy. Since zircaloy-2 is the alloy for 
which most fabrication and corrosion experience is 
available under related conditions the choice of 
material for investigation has fallen primarily on 
this alloy. 

Experimental data on zircaloy-2 obtained under 
irradiation in fissile solutions have indicated that 
the corrosion resistance of this alloy is seriously im- 
paired in the presence of fissioning uranium atoms, 
and an extensive search for an alloy able to with- 
stand these conditions has been made (5, 6). 

As a result of experience with autoclave and loop 
experiments at ORNL it has been found that the 
corrosion under irradiation with fission fragments is 
linear with time. Jenks has expressed the depend- 
ence of the corrosion rate on the fission power den- 
sity in the form 


C.R. = A.PD(1 — 


where A and B are constants. An equation of this 
form can be derived theoretically by making certain 
assumptions about the course of the corrosion re- 
action (7). However these assumptions are descrip- 
tive in nature and do not invoke any specific mech- 
anism for the oxide failure which leads to the linear 
corrosion kinetics. There are several possible mech- 
anisms by which this film failure could occur and all 
lead to a dependence on power density of the form 
experienced. Among these possibilities are: 


1. An increase in the solution rate of the oxide 
as a result of the presence of defects in it. The ZrO, 
being reprecipitated as a nonprotective film owing 
to the nonisothermal conditions. 

2. An irradiation induced phase transformation 
in the oxide (8) leading to mechanical failure of the 
film. 

3. A “breakaway” type of reaction similar to 
that found in the absence of irradiation but with 
“breakaway” accelerated by the presence of radia- 
tion. 


Of these possible explanations the second seems 
unlikely to occur with sufficient rapidity (9, 10) 
under the conditions found here, and should it occur 
there is no evidence that it would result in failure 
of the oxide. Jenks favors the first explanation, 
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despite the absence of any positive evidence for in- 
creased solubility or reactivity of ZrO, under irra- 
diation. Direct attempts to measure any effect of 
irradiation on solubility have failed so far to show 
any significant change (11). The only evidence for 
the third possibility is a short induction period ob- 
served during oxygen pressure measurements; this 
occurs immediately after the commencement of ir- 
radiation and lasts for a short but unspecified period 
(7). The mechanism by which the breakaway re- 
action takes place out-of-pile is still far from clear in 
the case of zircaloy-2, although several explanations 
have been offered (1, 12). 

Thus while being in a position to describe the 
observed dependence on power density, there is as yet 
no positive evidence on the actual mechanism of the 
irradiation induced corrosion of zirconium alloys. 
Following experiments at very low power densities 
and subsequent observation of corroded specimens 
with an electron microscope it is now possible to 
offer such an explanation. 


Experimental 


Experiments have been carried out in a 4 in. 
diameter vertical hole in the BEPO Reactor at Har- 
well, using titanium autoclave equipment to ensure 
maximum cleanliness of the specimens. Details of 
the autoclaves and the arrangement of the experi- 
mental rig were given in an earlier report (13). Full 
details of the experimental procedures and equip- 
ment for unloading and opening the experiments 
will be published later (14). The experiments were 
carried out using 0.08M K.SO,/0.02M H.SO,/0.005M 
CuSO, solutions; these were “spiked” with the re- 
quired amount of U™ as urany] sulfate. It was found 
that uranium loss from solutions of this type was 
less than from solutions containing 0.08M uranyl 
sulfate but with the same concentration of U™ ; thus 
deposition of uranium on the specimen surfaces was 
kept to a minimum. It is important to minimize this 
where observation with an electron microscope is 
contemplated. Some experiments also were carried 
out in fully enriched 0.08M uranyl] sulfate solutions 
to provide a measure of the corrosion at power den- 
sities high enough to provide a readily measurable 
rate (0.5 watt/ml). This enabled an estimate to be 
made of the level of uranium required in the 
“spiked” solutions. An oxygen overpressure of ap- 
proximately 200 psi (cold) was present in all ex- 
periments. 

Specimens of zircaloy-2 from billet Z303 and I.C.I. 
titanium 130 have been used to date and an analysis 
of the former has been given previously (13). Speci- 
mens were disks 0.500 in. in diameter x 0.050 in. 
thick with a 9/64 in. center hole; they were mounted 
on the central thermocouple well of the autoclave, 
separated by titanium spacers and retained at the 
bottom by a titanium nut. Thus the specimens were 
in contact only with titanium or the solution in the 
autoclave. 

Specimens were used either in the machined con- 
dition or after abrading to 3/0 emery followed by 
attack-polishing (15). No significant differences be- 
tween the two types of specimen were found, and the 
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Fig. |. Results of TE 4 irradiations at ‘‘high’’ power density 


results are presented, therefore, as the mean of all 
specimens in a particular experiment. Replicas were 
prepared by a two stage formvar-carbon process and 
were shadowed with gold-palladium alloy at about 
30°. Replication was by hand after sufficient cooling 
time had elapsed to permit handling for the short 
time required. The replicas were examined using a 
Phillips EM100 electron microscope. 


Results 

The results of the “high” (up to 0.5 watt/ml) 
power density runs are plotted in Fig. 1. The speci- 
mens from these runs had a tan color and despite 
the weight losses still appeared to be carrying a 
fairly heavy oxide film. Drying of the specimens did 
not result in spalling of this film as reported from 
ORNL(7), and immersion in various aqueous and 
nonaqueous solvents agitated ultrasonically did not 
dislodge a measurable quantity of film. Hence for 
the purposes of calculating corrosion rates in these 
experiments it is assumed that the residual oxide 
thickness remains approximately constant. The re- 
sults calculated in this way are liable to consider- 
able error, but, nevertheless, they differ by a factor 
of less than two from those expected from the ORNL 
data. 

The low power density experiments were started 
at 0.0125 watt/ml (0.5 g/l U™) and experiments 
have been carried out at this level and at 0.025, 
0.0375, and 0.075 watt/ml (1.0, 1.5, and 3.0 g/l U™, 
respectively); results are shown in Fig. 2. The vari- 
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Fig. 2. Irradiation corrosion of zircaloy-2 at 300°C 


Fig. 3. Oxide film c on iuiemae 2 after corrosion at low power 
density: (a) (left) before breakaway; slight ridging of the oxide 
film can be observed; magnification 8000X before reduction 
for publication; (b) (right) after breakaway; cracking of the 
oxide occurring but without any evidence of spalling; magnifi- 
cation 15000X before reduction for publication. 


ations in the actual power density at which the ex- 
periments operated are due largely to seasonal vari- 
ations in the operating power of BEPO, and to flux 
depressions due to adjacent experiments. It is ap- 
parent from these results that the initial corrosion 
rate has an exponent less than 0.5 and that subse- 
quently a “breakaway” type of reaction takes place 
at a weight gain of approximately 25 mg/dm’*. Thus 
the kinetics of the radiation induced corrosion of zir- 
caloy-2 are formally similar to the out-of-pile cor- 
rosion kinetics, although the exponent of the pre- 
breakaway rate law is not identical with that out-of- 
pile. The low weight gains after three days in run 
Z-26 remain unexplained. 

The electron microscope study of the oxide films 
showed that during the initial period the surface was 
virtually featureless. The grain boundaries were not 
visible, but an unusual ridging effect was noticed 
(Fig. 3a); this has not been observed in the absence 
of irradiation. Subsequently at the breakaway point 
the surface structure becomes very confused (Fig. 
3b) and fine cracking or pores extending into the 
film were observed over the whole surface. These 
observations were difficult to interpret monocularly, 
but stereo electron micrographs were of considerable 
help in elucidating the topography of the surface. 
Finally spalling of the oxide occurred over wide 
areas (Fig. 4); the boundaries or cracks bordering 
these areas, however, do not appear to be grain 
boundaries. 

Discussion 

The kinetics of the irradiation induced corrosion 
of zircaloy-2 appear to be formally analogous with 
those found out-of-pile. The exponent of the rate law 
under irradiation is ~0.40, whereas, in the absence 


Fig. 4. Spalling of the oxide film after breakaway during 
corrosion at low power density. The pattern of cracks remain- 
ing does not appear to coincide with the grain structure. 
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of radiation, a steady decrease in exponent from 
about 0.6 to about 0.25 is observed. U.S. data give 
exponents of 0.26-0.38 at long periods (1). The sug- 
gestion that the unirradiated behavior of zircaloy-2 
can be described in terms of the sum of two logarith- 
mic rate laws has been made in an earlier report 
(12), and it would appear that under irradiation the 
same growth laws operate but that the balance be- 
tween the two methods of film growth differs. The 
first of these two logarithmic rates is ascribed to the 
growth of a uniform thin oxide film by transport 
of the active species through the film under the in- 
fluence of the electric field set up in it (16). Ir- 
radiation would be expected to modify the density 
of space charge in the oxide and hence alter the rate 
of this initial reaction although an equilibrium den- 
sity probably would be reached and therefore, while 
the rate may be higher, the rate law still would re- 
main logarithmic. Since the rate law is dependent 
also on the distribution of space charge (16), how- 
ever, significant differences may occur. No closer 
estimate of this initial film growth rate can be made 
at present since irradiation times short enough to 
enable observation of interference color films would 
require a change in technique. 

The second logarithmic rate law is thought to be 
due to diffusion along easy paths in the oxide such 
as grain boundaries and regions of inhomogeneity. 
Fission fragment tracks would act as such easy dif- 
fusion paths and a large increase in the rate of film 
growth by this mechanism would be expected. Al- 
though about 40% of irradiation damage in zirco- 
nium metal anneals at 300°C (17), in zirconia the 
neutron damage, which results in an irradiation in- 
duced phase transformation (8), does not anneal out 
below 800°C. Hence the number of fission fragment 
tracks in the oxide (which provide easy diffusion 
paths) would not be expected to reach equilibrium 
under our experimental conditions. While there will 
be some annealing of old fission fragment tracks and 
some blocking of tracks by the formation of fresh 
oxide at the metal/oxide interface, it would be ex- 
pected that the number of diffusion paths through 
the oxide would increase with time. The logarithmic 
law, which describes the leakage rate along easy 
diffusion paths in the absence of irradiation, assumes 
that, on average, the number of paths available re- 
mains constant with time, and that blocking of exist- 
ing paths and formation of fresh ones is a random 
process. In the irradiated material, where the num- 
ber of paths increases with time, the rate law will 
not be logarithmic, but will lie between a logarith- 
mic and a linear rate law. The actual rate law will 
be determined by the proportion of the damage 
which anneals out. The effect of this change in the 
second term in the film growth equation will be an 
over-all rate law, the exponent of which does not 
fall off as rapidly under irradiation as it does in the 
absence of irradiation. This is in accord with obser- 
vations which give an exponent for the initial film 
growth law of ~0.40. 

In view of the additional factor resulting from 
the effect of fission fragment tracks, the over-all 
growth law under irradiation can probably be de- 
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scribed as the sum of three terms instead of the two 
used to describe the unirradiated case. These are: 

A. The thin film growth law (logarithmic): 
growth rate controlled by the electric field set up in 
the oxide and by the distribution of space charge. 
Under irradiation the distribution of space charge 
will be affected not only by fission fragment but by 
B and y radiation. In view of the absence of any 
significant effect on the corrosion rate of radiation 
other than with fission fragments, the rate of growth 
according to this law is not expected to differ much 
under irradiation from that in the absence of ir- 
radiation. 

B. Diffusion along grain boundaries, etc. (log- 
arithmic): by ignoring the effect of fission fragment 
tracks this growth law remains virtually unchanged 
under irradiation. 

C. Diffusion along fission fragment tracks (be- 
tween logarithmic and linear): the actual rate law 
will be determined by the degree of annealing which 
takes place and a law close to parabolic seems quite 
likely. The rate of oxidation by this process would 
not increase linearly with power density, since the 
proportion of tracks annealing would be a function 
of the degree of damage in the oxide. 

It has been noted previously that, during corrosion 
in the absence of irradiation, the post-breakaway 
corrosion rate is not independently variable but can 
be estimated roughly by assuming that the corrosion 
rate is linear from the start and passes through the 
breakaway point (12). The same relationship is 
probably followed under irradiation, and the ob- 
served linear corrosion rate under these conditions 
will be determined by the time taken to reach the 
breakaway weight gain, and hence by the kinetics 
of the initial reaction. Breakaway of zircaloy-2 is 
thought to occur (out-of-pile) when the stresses set 
up in the oxide by nonuniform film growth (via 
inhomogeneous regions, grain boundaries, etc., in 
the oxide) become great enough to cause mechanical 
failure (12). Under fission fragment irradiation a 
very large number of similar paths will be provided, 
and it is not surprising, therefore, that the cracking 
is on a much smaller scale under these conditions 
(Fig. 5a). The ridges on the oxide film prior to 
breakaway may be an early manifestation of this 
nonuniform growth. 

The visual resemblance between the mode of fail- 
ure of the oxide film on zircaloy-2 under fission 
fragment irradiation and that of the oxide on some 
batches of niobium under the same chemical condi- 
tions in the absence of irradiation (Fig. 5) is very 
striking. This suggests that further examination of 
niobium and its alloys would be profitable both from 
the point of view of elucidating the breakaway 
process, and also with a view to possible substitutes 
for zirconium alloys for operation under these 
stringent conditions. 

The mechanism proposed for the irradiation in- 
duced corrosion of zirconium alloys goes some way 
to explaining the fact that little difference has been 
observed at ORNL between a wide variety of zir- 
conium alloys (6). Any zirconium alloy which shows 
normal out-of-pile corrosion kinetics and whose ini- 
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Fig. 5. Similarity between oxide failure on zircaloy-2 and 
niobium; (a) (left) breakaway of the oxide on zircaloy-2 after 
corrosion at low power density; magnification 15,000X before 
reduction for publication; (b) (right) surface of the oxide film 
on niobium after breakaway out-of-pile; magnification 10,- 
000X before reduction for publication. 


tial film growth rate does not differ widely from that 
of zircaloy-2 would be expected to show roughly the 
same corrosion rate under irradiation. Thus unal- 
loyed zirconium has been found to have approxi- 
mately the same corrosion rate under irradiation 
as zircaloy-2 (6) and unalloyed carbon melted zir- 
conium specimens showed the same corrosion rate 
as zircaloy-2 in experiment TE4-Zir-10 (Fig. 3). In 
the absence of irradiation breakaway of this latter 
material occurs very rapidly (18); however, we 
have shown that, despite this early failure of the 
oxide on both carbon-melted and arc-melted zir- 
conium, the initial film growth rate differs little 
from that for zircaloy-2 (18,19). Out-of-pile the 
differences between these materials and zircaloy-2 
are due to differences in the mechanism of film 
breakdown. Under irradiation the effect of fission 
fragment tracks on the breakaway reaction will 
override these differences and, since the initial film 
growth rates of each material will be affected to 
roughly the same extent under these conditions, the 
time to breakaway and the measured post-break- 
away corrosion rates of unalloyed zirconium and 
zircaloy-2 will be very similar. 

Considered in the light of this proposed mechan- 
ism the possibilities of improving zirconium alloy 
corrosion resistance under irradiation by alloying do 
not appear to be good, since alloys with very much 
lower initial film growth rates seem to be a remote 
possibility. However, the most hopeful approach will 
probably be via completely different alloying sys- 
tems, perhaps based on niobium or zirconium-tita- 
nium alloys, where the film growth and failure 
mechanisms may differ considerably from those of 
zircaloy-2. ORNL data indicate that niobium shows 
considerably lower corrosion rates than zircaloy-2 
at the same power density, although this effect is 
masked by large amounts of uranium absorbed in 
the oxide film on niobium. The dependence of tita- 
nium corrosion on power density differs markedly 
from that of zirconium alloys, and corrosion rates 
are much lower at equivalent power densities. How- 
ever the necessity for neutron economy severely re- 
stricts the possible use of titanium either alone or 
in alloys. 

Conclusions 

Experimental evidence shows that the irradiation 
induced corrosion of zircaloy-2 follows a course 
similar to that of unirradiated corrosion. An initial 


OXIDATION AND CORROSION OF ZIRCONIUM 133 


period of nonlinear corrosion terminates in break- 
down of the oxide film and the subsequent corrosion 
rate is linear. To account for this behavior the mech- 
anism proposed for the initial corrosion of zircaloy-2 
in the absence of irradiation (12) is modified by the 
addition of a further term which allows for the 
transport of reactive species through the oxide via 
fission fragment tracks. This third term in the oxi- 
dation equation is not logarithmic in nature, since 
at 300°C annealing of the damage in the oxide is not 
expected to result in an equilibrium density of 
tracks prior to breakaway. The addition of the third 
term results in an over-all exponent for the initial 
film growth law of 0.40. The failure of the oxide 
film under irradiation, while basically due to the 
same mechanism as failure out-of-pile, is on a much 
smaller scale and bears a striking visual resem- 
blance to the failure of oxide films on some batches 
of niobium under the same chemical conditions in 
the absence of radiation. Thus the linear oxidation, 
which has been observed in previous work on the 
irradiation corrosion of zirconium alloys, is equiva- 
lent to the post-breakaway corrosion out-of-pile. 
In the light of this proposed mechanism for irradi- 
ation corrosion the absence of any significant differ- 
ences in the corrosion resistance of different zir- 
conium alloys under irradiation is understandable. 
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The Effect of Surface Preparation on 
Oxide Films on Cr and Fe-Cr Alloys 


D. Caplan, Alma Harvey, and M. Cohen 
Division of Applied Chemistry, National Research Council, Ottawa, Canada 


ABSTRACT 
The high-temperature oxidation rate of Fe-26 Cr alloys proved highly 


sensitive to the method of surface preparation. An attempt to deduce the na- 
ture of the thin oxide films left by the various treatments was made using 
electrochemical measurements. Electron microscopy and diffraction and paral- 
lel experiments with Cr and Fe were carried out for purposes of clarification. 
Films formed under strongly oxidizing conditions including electropolishing 
yielded a cathodic reduction curve having an anomalous sharp minimum. It is 
proposed that such films are nonstoichiometric oxide containing considerable 
high valency chromium ion and having a high reduction potential and hydrogen 
discharge potential. The latter is lowered when at a high enough overpotential 


Numerous publications have referred to the 
marked effect that surface preparation may have 
on rates of film growth on metals. In a previous 
study, where such an effect was observed during 
oxidation of commercial stainless steels, discussion 
of some of the factors involved was presented (1). 
The object of the present work was to determine 
the nature of the thin films left on Fe-Cr alloy sur- 
faces by various treatments and thus explain the 
large differences in oxidation kinetics they produced; 
also, to decide on a preferred method of surface 
preparation. These objectives were partly achieved. 

A proper surface for corrosion studies of alloys 
should have a low roughness factor and be repre- 
sentative of the bulk composition, that is, not en- 
riched either in impurities or in one of the alloying 
constituents. Recognizing that with the Cr-Fe some 
initial oxide film is unavoidable, it would appear 
that the proper preparation is that which gives the 
least interference with the subsequent scaling proc- 
ess. Abrasion, the method most often used, results 
in a cold-worked distorted surface layer containing 
embedded oxide and abrasive which is certainly 
unrepresentative of the bulk properties of the alloy. 
Etching of this surface to remove the worked layer 
leaves a rough surface which may also be enriched 
in the more noble metal, in this case Cr, by prefer- 
ential dissolution or redeposition. Possible alterna- 
tive methods such as cathodic reduction, ion bom- 
bardment, and thermal treatment in vacuum, hy- 
drogen, or inert gas are liable, for alloys at least, to 
the same faults and to preferential oxidation or 


Si c 


Fe 0.010 
Fe-11 Cr bal. 11.2 

Fe-16 Cr bal. 16.2 0.005 0.009 
Fe-26 Cr bal. 25.5 0.02 0.015 
Fe-26 Cr-0.5 Si bal. 26.2 0.55 0.025 


Cr 


the chromium at the surface is reduced to a lower valence. 


Table |. Analysis of specimen materials 


volatilization in addition. Electropolishing eliminates 
many of the deficiencies of the abraded surface, but 
the oxide film left, particularly on polycrystalline 
specimens, is nonuniform over the specimen, prob- 
ably because of variations in both current density 
and the anolyte layer during electropolishing. The 
best surface preparation might then be a combina- 
tion of electropolishing and etching, removing the 
electropolishing film by an acid etch too mild to 
cause roughening or preferential attack. 

This paper reports an investigation of the nature 
of films left by various treatments on Cr and Fe-Cr 
alloys using electron diffraction and microscopy, 
microchemical analysis and electrochemical tech- 
niques. The latter had proven valuable in investi- 
gating thicker films (2, 3) and were applied here in 
the hope that, in combination with the others, char- 
acterization of the oxide films would be possible. 


Experimental 


The specimen materials were high-purity vacu- 
um-melted Fe and Fe-Cr alloys, and U.S. Bureau 
of Mines chromium sheet. Compositions are shown 
in Table I. 

The electrolyte for electropolishing the specimens 
was glacial acetic-70% perchloric acid (20:1). The 
bath was cooled to 16°C and polishing was done in 
10-sec bursts to avoid overheating. A total thick- 
ness of about 10 » of metal was removed. 

Oxidation runs were made in a vertical tube fur- 
nace in flowing dried oxygen. Weight gain-time 
curves were obtained by a recording balance. 
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Cathodic reduction experiments were carried out 
with sheet specimens of 12 cm’ area prepared with 
the various surface treatments. The change in po- 
tential measured against a reference electrode was 
recorded continuously while a constant current of 
17 pa/cm* was applied to the specimen as cathode. 
Carefully deoxygenated borate-HCl buffer at pH 
7.6 was used as electrolyte in an apparatus very sim- 
ilar to one previously described (2). 

In a second type of electrochemical experiment 
conditions were much the same except that acid 
etchants served as electrolyte and no external cur- 
rent was applied. 

The surfaces produced by the different pretreat- 
ments were examined by reflection electron diffrac- 
tion and electron microscopy, using a preshadowed 
carbon replica from a primary plastic replica for 
the latter. The examination was repeated after ca- 
thodic reduction and etching to see if changes in 
the oxide film could be detected. The spectrophoto- 
metric procedures used to analyze the solutions for 
Fe and Cr could determine quantities down to 0.5 
wg with an error of 0.2 wg for Fe and 0.3 yg for Cr. 


Results 

Oxidation curves of the first 4 hr for an Fe-26 Cr 
alloy are shown at two temperatures in Fig. 1 and 2. 
Specimens which had been electropolished only 
showed the greatest amount of oxidation as well as 
discontinuities in the oxidation rate. Least oxidation 
and smooth curves were obtained with specimens 
given a mild etch (as little as 1 »wg/cm* of metal 
removed) after electropolishing. Abraded, abraded 
and etched, or as-machined specimens gave inter- 
mediate rates. 


SCALING OF Fe-26Cr-05S: 
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120 
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Fig. 1. Oxidation of Fe-26 Cr-0.5 Si alloy in flowing dry 
oxygen at 980°C. Electropolished in perchloric-acetic; etched 
in 5% HF. 
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Fig. 2. Oxidation of Fe-26 Cr-0.5 Si alloy in flowing dry 
oxygen at 1100°C. 
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Fig. 3. Cathodic reduction of iron, chromium, 18 Cr-8 Ni 
stainless steel and four Fe-Cr alloys after electropolishing; 
5-min time interval between electropolishing and cathodic re- 
duction. 


The potential-time curves obtained during the 
cathodic reduction of a variety of electropolished 
metals are shown in Fig. 3. Iron and Fe-11 Cr gave 
the smooth type of curve which on the basis of pre- 
vious experience (2) would be expected from a very 
thin film of reducible oxide, but at higher Cr con- 
tents, curves 3-7, a sharp minimum was obtained. 
No difference in cathodic reduction behavior was 
observed between the Fe-26 Cr and Fe-26 Cr-0.5 Si 
alloys, which is of interest in view of the major 
part that silicon has been shown to play in passive 
films (4). Electropolished Cr gave a curve of the 
same form but with minimum and steady potentials 
more negative by about 300 mv. An 18/8 commer- 
cial alloy was included, curve 6, to demonstrate 
that the sharp minimum occurred generally with 
stainless alloys. 

With other surface preparations a notably differ- 
ent cathodic reduction curve was obtained, as il- 
lustrated in Fig. 4. Etching immediately after elec- 
tropolishing yielded cathodic reduction curve 4 
lacking the minimum of curve 1. An extremely mild 
etch, such as 1% HF for 4 sec, was effective even 
though less than lug/cm* of metal was removed. 
A preliminary cathodic reduction, removing only 
0.2 uwg/cm*, had the same effect (curve 6). The 
steady potential was more negative after these 
treatments than after electropolishing, probably be- 
cause the surface became enriched in Cr. Heat tint- 
ing experiments showed quite minor color differ- 
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Fig. 4. Cathodic reduction of Fe-26 Cr alloy after various 
surface preparations. Number at end of each curve is amount 
of iron, in ug/cm* of specimen, found in cathodic reduction 
electrolyte. 
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ences between etched and cathodically reduced 
specimens, demonstrating that either treatment de- 
stroys the high propensity for rapid scaling of the 
electropolished surface which forms a thicker gray 
film under the same heat tinting conditions. A nitric- 
dichromate treatment of the type used commercially 
to passivate stainless steel for exposure to solutions 
(30 min in 5% HNO,-0.5% K.Cr.O, at 60°) also can 
produce a sharp minimum, curve 12, but in contrast 
to electropolishing this preparation did not lead to 
rapid initial scaling. However, it is significant that, 
although the cathodic reduction curves are of similar 
shape, the overpotentials are much higher (curve 
12 ws. 1). The heat tint color obtained was close to 
that after etching or cathodic reduction. 

Also evident in Fig. 4 is that the immersion po- 
tential was more positive and the minimum more 
negative the larger the time of air exposure between 
electropolishing and cathodic reduction (curves 1-3). 
The same trend appeared after an etch or prelim- 
inary cathodic reduction (curves 4-7). These may be 
associated with a decrease in porosity and increase 
in thickness of the oxide film with longer air expo- 
sure. Consistent with this is that the amount of Fe 
found in the electrolyte at the end of the cathodic 
reduction experiments, noted on the curves in n»g/cm* 
of specimen, also increased with the time interval. 
No analysis of the electrolyte after cathodic reduc- 
tion ever showed Cr. When chromic ion was delib- 
erately added to the electrolyte in advance then the 
same amount was found as had been added, showing 
that there was no redeposition from chromium ion in 
solution. 

Parallel behavior was exhibited in the cathodic 
reduction of Cr, as seen in Fig. 5. Immersion, mini- 
mum and steady potentials all are lower than with 
Fe-26 Cr. A sharp minimum was obtained after elec- 
tropolishing (curves 1 and 2) and not after etching 
(curve 3) or a preliminary cathodic reduction 
(curves 4 and 5). Again, the minimum was more 
negative the longer the time of air exposure before 
cathodic reduction. The sharp minimum type of 
curve can also be produced by dry oxidation of 
etched Cr: curves 6 and 7 show the result after 


we 


Fig. 5. Cathodic reduction of Cr after various surface prep- 
arations. 
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heating in oxygen at 320° and 700°C. Presumably 
the shift to more negative potentials with increas- 
ing temperature of oxidation is due to an increased 
IR drop across films of greater thickness; the film 
thicknesses were 100-200A and 3500A after the 
320° and 700° oxidations, respectively. Curve 8 
shows that after a preliminary cathodic reduction 
these thicker films, as with the thin electropolish- 
ing film, do not give a sharp minimum. 

The potential/time curves during etching in acid 
have the same form as those of cathodic reduction 
in 7.6 pH buffer. In Fig. 6, electropolished Cr im- 
mersed in HCl! (curve 1) and electropolished Fe-26 
Cr alloy in H.SO, (curve 2) or HF (curves 3 and 
4) all showed sharp minima. As in cathodic reduc- 
tion, longer air exposure led to a deeper minimum, 
and if the electropolished specimen was given a 
preliminary etch, no minimum was observed. 

The persistence of passivity, i.e., the time inter- 
val before the potential swung rapidly negative, 
varied widely with etchant and alloy and in Fig. 
6 was 2.8, 2.4, 0.05, and 0.2 min for curves 1-4. 
But in addition it varied with minor changes in 
pretreatment as indicated by the difference be- 
tween curves 3 and 4 and more clearly by the ca- 
thodic reduction curves in Fig. 7. The sharp min- 
imum after electropolishing (curve 1, Fig. 7) was 
eliminated by an immediate 5-sec etch (curve 2) 
and not by an immediate 2-sec etch (curve 3). How- 
ever, if after electropolishing the specimen was ex- 
posed to air for an appreciable time, even a 10-sec 
etch was inadequate (curve 4). The deeper min- 
imum of curves 3 and 4 relative to curve 1 may be 
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Fig. 6. Potential/time curves during acid etching of elec- 
tropolished Cr and Fe-26 Cr alloy. At is the time of air exposure 
between electropolishing and etching. 
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Fig. 7. Cathodic reduction of Fe-26 Cr alloy showing the 
influence of etching time and time interval before etching on 
the effectiveness of the etch. 
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the result of the removal by the inadequate etching 
treatment, as demonstrated by analysis of the 
etchant, of a small amount of iron oxide from the 
surface (0.4 wg Fe/cm’). 

Examination of the surfaces by reflection electron 
diffraction and electron microscopy proved disap- 
pointing. No significant change in surface topography 
was observed in electron photomicrographs before 
and after cathodic reduction, nor was any difference 
observed between the oxide films left by electro- 
polishing and electropolishing plus a minimum etch. 
In spite of precautions taken to minimize perturba- 
tions to the electron beam from magnetic interaction 
and charging effects, electron diffraction yielded 
patterns of highly diffuse haloes only. The normal 
ring broadening due to the small crystallite size in 
these oxide films is intensified by the large refrac- 
tion effect associated with the smooth surfaces pro- 
duced by electropolishing (5). It may be, in view of 
the absence of proper haioes, that passive films on 
Cr alloys are more poorly crystalline than oxide 
films on metals such as Fe or Cu, but this has not 
yet been established. 


Discussion 


The most striking difference in initial oxidation 
behavior of Fe-26 Cr is between specimens which 
were electropolished and etched and those that were 
electropolished only. In both cases the oxide film 
present after the surface treatment is only about 
20A thick. It is surprising that a film this thin can 
so greatly modify the initial oxidation rate at tem- 
peratures even as high as 1100°C. The films also be- 
have very differently electrochemically: the elec- 
tropolished specimens show a _ sharp potential 
minimum during cathodic reduction or etching, 
whereas the etched surfaces do not. The following 
discussion is an attempt to characterize the two 
types of film from the electrochemical data. 

As can be seen in Fig. 3 a sharp minimum in the 
cathodic reduction curve after electropolishing is 
obtained only at some alloy composition above 11% 
Cr. The depth of the minimum is increased by air 
exposure after electropolishing or by inadequate 
etching plus air exposure. A similar type of curve 
can also be obtained without anodic current by the 
use of a strong aqueous oxidizing agent, such as hot 
50% HNO, or hot nitric-dichromate solution (Fig. 
4). With pure Cr a minimum also is produced (Fig. 
5) after heating in oxygen at various temperatures. 
(With Fe-26 Cr after the same dry oxidation treat- 
ment a different type of cathodic reduction curve 
is obtained due to the presence of a high-Fe as 
well as a high-Cr oxide. This is to be reported at 
a later date.) It would appear, therefore, that two 
prerequisites for the sharp minimum are a high 
enough Cr content and formation of the oxide un- 
der strong oxidizing conditions. 

Sharp minimum cathodic reduction curve.—As 
just observed, the sharp minimum which occurs 
with alloys of more than 11% Cr appears only after 
a surface preparation involving strong oxidizing 
conditions. Inasmuch as the solution conditions are 
always the same, the phenomenon must be asso- 
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ciated with some difference in film composition 
which leads to a different cathodic process. The proc- 
ess most consistent with the experimental observa- 
tions is the reduction of an abnormally high valent 
oxide formed under the strong oxidizing conditions 
to the more normal Cr oxide, still insoluble, having 
a lower hydrogen discharge potential. Reduction to 
Cr metal would explain the nonappearance of Cr 
ion in the electrolyte equally well, but is improbable 
since some of the minimum potentials are still more 
positive than Cr deposition potentials (6). Alterna- 
tive cathodic processes which, by initiating abruptly 
at the minimum potential, conceivably could gen- 
erate the observed type of cathodic reduction curve 
—metal plating, a decrease in electrical resistance of 
the film, a decrease in the hydrogen discharge po- 
tential, or hydride formation (7)-—seem untenable 
for one reason or another. 

It is reasonable to expect that Cr oxide formed 
under the various strongly oxidizing conditions 
would be highly cation deficient and contain a cor- 
responding number of cations of higher valence, Cr* 
or Cr’. The cathodic reaction then might be written: 


3x 


2-2 
Cr.O, + 3x OH 

where (J, represents the concentration of cation va- 
cancies in the surface of the oxide. To account for 
the minimum it is necessary to infer that the hydro- 
gen overvoltage is large on the highly imperfect ox- 
ide but lower on the reduced surface oxide. It 
follows that the potential difference between the 
minimum and steady potential depends on the Cr” 
concentration at the surface, i.e., on the oxidizing 
intensity of the treatment. This difference was 60 
mv rather than 150 mv after heating Cr in tank 
argon containing a small O. impurity instead of in 
pure oxygen; and only 30 mv after treating Fe-26 
Cr alloy in 50% HNO, (Fig. 4, curve 11) which ap- 
parently is only mildly oxidizing. The actual po- 
tential value has a less specific meaning since it 
includes an IR drop which varies with film resist- 
ance or thickness. Hence in Fig. 5 curves 1, 2, 6, and 
7 are displaced progressively toward negative po- 
tentials because of the progressively thicker oxide. 
A second factor decreasing potentials with air ex- 
posure of thin films (curves 1 and 2, 4 and 5) can 
be the shrinking or sealing of film pores. 

Oxidation rate.—If, as suggested above, the oxide 
formed in electropolishing is cation deficient and 
polyvalent, it can be expected to be a poor diffusion 
barrier and lead to high oxidation rates, as was ob- 
served. On the contrary, the more nearly stoichi- 
ometric films formed in room temperature air after 
etching or by cathodic reduction and subsequent air 
exposure of the electropolished surface would have 
lower cationic conductivity and a lower scaling rate. 
That this is the actual reason for the rate difference 
is not established; also involved might be moisture 
content, Cr/Fe ratio, impurities, recrystallization, or 
some other characteristic of the oxide film. A possi- 
bility that surface overheating could account for 
the difference in rate was rejected by experiments 
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in which the surface temperature was followed by 
thermocouples welded to the specimens (8). 

Hydrogen discharge.—The mode of hydrogen dis- 
charge during the cathodic polarization varies with 
different pretreatments. With preparations yielding 
the sharp minimum type of curve, hydrogen bubbles 
appear shortly after the minimum. Afier etching or 
preliminary cathodic reduction hydrogen bubbles 
are less numerous or absent. In fact, if the experi- 
ment is prolonged, hydrogen blisters erupt in the 
metal. With chromium, where the hydrogen dis- 
charge potential is more negative, both bubbles and 
blisters are produced after electropolishing. On the 
other hand, with the thicker oxide put on Cr in ele- 
vated temperature oxidation, hydrogen bubbles soon 
appear even after a preliminary cathodic treatment 
(curve 8, Fig. 5). The significance of these obser- 
vations has not been determined. It appears that 
both electrons and protons act as current carriers 
through the film (9). Which predominates, ie., 
whether bubbles or blisters form, may depend on 
hydrogen overvoltage, electrode potential, oxide 
defect structure, film thickness, and some undefined 
property of the surface affecting the catalytic step 
in the hydrogen discharge reaction. 

Etching.—Self-corrosion during etching leads to 
much the same type of curves as cathodic reduction 
and presumably similar considerations apply, with 
the corrosion current serving in place of the im- 
pressed current. But a further important point, as 
seen from Fig. 6, is the variation in etching that can 
occur with alloys capable of developing surface pas- 
sivity. By continuously observing the specimen po- 
tential while in the etchant, a minimum etch could 
be obtained reproducibly by etching for a fixed time 
after the specimen became active. 

Specimen preparation.—On the basis of these con- 
siderations, the specimen preparation adopted for 
future scaling experiments was to electropolish to 
remove contamination and worked metal left by 
abrading, anneal in argon at 1100° for structural 
stability, again electropolish to remove surface mod- 
ifications introduced by the anneal, and finally etch 
lightly to remove the oxide film left by electro- 
polishing, using a standard minimum etch. 

To summarize, the scaling rate of Fe-Cr alloys 
can be greatly modified by methods of surface prep- 
aration, and the films on these various surfaces also 
show different electrochemical behavior. The sharp 
minimum type of cathodic reduction curve, ex- 
hibited by Cr alloys after strongly oxidizing treat- 
ments, is believed to be associated with conversion 
of the surface of the chromium oxide film to a lower 
valence state. The rapid dry oxidation rate after 
electropolishing may be explained by this suprava- 
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lent, cation-deficient oxide film. More specific char- 
acterization of the surface oxides was unsuccessful, 
largely due to the failure of reflection electron dif- 
fraction to yield usable patterns. Recent examina- 
tion of oxide overgrowths on electropolished iron 
has shown that satisfactory patterns can be obtained 
if single crystal specimens are used (10). It is hoped 
that experiments of the same type can be made 
when single crystals of Cr and Fe-Cr alloys are 
obtained. 
Conclusions 

1. The oxide film left on Fe-Cr alloys by electro- 
polishing leads to a markedly higher initial reaction 
rate in high-temperature oxidation than other sur- 
face preparations. 

2. Cathodic reduction after electropolishing and 
other strongly oxidizing treatments yields a curve 
with an anomalous sharp minimum which is inter- 
preted as due to a surface oxide of high reduction 
overvoltage and even higher hydrogen overvoltage. 
It is suggested that Cr” in a nonstoichiometric Cr.O, 
film is cathodically reduced to Cr* with a corres- 
ponding decrease in cation vacancy concentration. 

3. The same anomalous peak occurs in the po- 
tential/time curve during acid etching of electro- 
polished Cr alloys. 

4. Surface preparations for alloys exhibiting 
passivity are sensitive to the time intervals between 
operations. Standardization of the procedure is re- 
quired. 

5. A preferred surface preparation for corrosion 
studies is a combination of electropolishing and a 
minimum etch. For standardization of the etch, it 
is necessary to observe the specimen potential con- 
tinuously during etching. 


Manuscript received July 11, 1960; revised manu- 


script received Oct. 4, 1960. This paper was prepared 
+ eaten before the Columbus Meeting, Oct. 18-22, 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
JOURNAL. 
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Determination of the Thickness of 
Thin Porous Oxide Films on Aluminum 


M. S. Hunter and P. F. Towner 


Alcoa Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 


ABSTRACT 


A method is described for measuring the thickness of thin porous oxide 
films on aluminum, employing the grazing angle interference colors character- 


istic of thin transparent films. In conjunction with oxide film step gauges 
formed under precisely controlled conditions, measurements to about 7A are 
possible. Application of the method for measuring film growth in various solu- 
tions and in the evaluation of the characteristics of barrier-type electrolytes 


is also demonstrated. 


Practically all oxide films on aluminum are con- 
sidered to consist of two layers, regardless of 
whether they are formed naturally or by thermal 
or anodic treatments. One of these, the barrier layer, 
is almost always extremely thin, seldom exceeding a 
few millionths of an inch in thickness. The other, 
generally described as the porous layer, may have 
a wide range of thicknesses from a few Angstroms, 
in the case of natural films formed under dry con- 
ditions, to as much as 2-5 mils in the case of certain 
anodically formed films. The thickness of these in- 
dividual layers is very important in determining 
the characteristics and behavior of the oxide coat- 
ings. This paper describes a simple but effective 
method for measuring the thickness of the porous 
portion of thin oxide films which are difficult or 
impossible to measure by other means. This method, 
in conjunction with the barrier thickness measure- 
ment method already described in the literature (1), 
can be used to completely delineate such films. 


Nature and Source of the Porous Layer 

The description of the barrier and porous regions 
as layers is actually misleading, because they are 
not separate and distinct layers in the sense that they 
can be separated or that a definite line of demarca- 
tion exists between them. These zones or regions 
are separate and distinct, however, in the sense that 
they exhibit different characteristics. In particular, 
the barrier oxide layer is capable of electrolytic 
rectification, whereas the so-called porous layer 
offers practically no opposition to current flow in 
either direction. It is this difference in electrical 
behavior that is used directly in the measurement of 
the thickness of the barrier layer and indirectly in 
the measurement of the thickness of the porous 
layer. 

The manner of formation of the porous layer is 
different depending on whether the coating is formed 
anodically or by natural and thermal means. In the 
case of natural or thermal films, a mechanism for 
the formation of the porous layer has been proposed 
(2). According to this mechanism, the outer surface 
of the aluminum combines with oxygen or moisture 
in the air to form a layer of aluminum oxide. This 
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layer initially is of the barrier type and has a thick- 
ness that is a function of temperature. If the en- 
vironment has the ability to react with the barrier 
layer, some of the oxide will be converted to a so- 
called porous type and the thickness of barrier oxide 
will be reduced. Since there is a tendency for the 
barrier layer to reach a certain limiting thickness 
for any given temperature, the barrier will be re- 
plenished continuously as long as any conversion to 
porous oxide takes place. As this process continues, 
the barrier portion of the coating generally tends 
to remain at a constant thickness, and the simul- 
taneous formation and conversion of the barrier 
results in an increase in the thickness of the porous 
region. This region is porous in the sense that it is 
electronically conducting, but it is very doubtful that 
its structure is characterized by discrete pores. 

In the case of oxide films formed anodically, a 
different mechanism has been proposed to account 
for the formation of the porous layer (3). When 
voltage is first applied, a layer of compact barrier 
oxide begins to form on the surface. If the electrolyte 
does not react with this barrier oxide, the barrier 
film will reach a limiting thickness of 14A times 
the applied voltage and no porous layer will be 
formed. If the electrolyte does exert solvent action 
on the oxide, however, this solvent action will tend 
to reduce the thickness of the barrier oxide. When 
this occurs, the cell attempts to restore the barrier 
layer to the limiting thickness corresponding to the 
applied voltage. This results in simultaneous forma- 
tion and solution of oxide and the eventual develop- 
ment of a compact array of oxide cells, each contain- 
ing a tubular pore. During this process, a balance is 
established such that the barrier layer attains a 
constant value and continued coating formation re- 
sults only in an increase in the thickness of the 
porous layer. With this type of coating, the outer 
region is truly porous since it contains a multitude 
of minute pores which can be observed with the 
electron microscope. 


Measurement of Porous Films 
The most satisfactory method of measuring the 
porous portion of oxide films depends on the total 
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thickness of the film. If the film is thicker than about 
4000A, the thickness of the entire film may be 
measured with a light microscope, the thickness of 
barrier oxide may be measured by the electrical 
method described previously (1), and the thickness 
of the porous portion may then be determined by 
subtraction. In this case, the accuracy of the meas- 
urement is governed by the accuracy of micro- 
scopic measurement and, since the coatings are 
comparatively thick, the relative error is generally 
small. 

In the case of coatings having a total thickness less 
than about 4000A but greater than about 500A, the 
coatings themselves will have distinct interference 
colors which may be translated to thickness by com- 
parison with step gauges (4) or from interference 
color charts. Alternately, the total thickness of film 
may be determined through the use of interferom- 
etry as described by Tolansky (5) and others. Once 
the total thickness of the coating is determined by 
either of these methods, the thickness of the porous 
layer may be determined by subtracting the thick- 
ness of the barrier. These methods have consider- 
able precision and fairly accurate determinations 
may be made. 

In measuring the thickness of films less than about 
500A, considerably greater difficulty is encountered. 
Films in this range do not exhibit interference colors, 
and the errors of interferometry lead to an appreci- 


ably greater percentage error as film thickness de- , 


creases. It is still possible to estimate the thickness 
of the entire film using the interferometry method, 
but highly specialized equipment is required for 
reasonably accurate results. It is with films below 
about 500A in thickness that the method to be de- 
scribed is most useful. 

Measurement Method.—The method to be de- 
scribed for measuring the porous portion of very 
thin oxide films on aluminum is an interference color 
method, similar in certain respects to the methods 
used by Blodgett and Langmuir (6), Blodgett (7), 
and by Langmuir, Schaefer, and Wrinch (8) for 
measuring thin deposited films. The method makes 
use of the fact that films of a given thickness have a 
characteristic interference color and the fact that it 
is possible to produce precisely controlled oxide 
films by anodic oxidation. The actual interference 
color observed with a thin film depends on the man- 
ner of viewing, the characteristics of the light 
source, and the optical properties and structure of 
the film. 

The measurement is accomplished by stripping 
the film from a portion of the specimen, applying an 
appropriate barrier-type oxide film to the entire 
specimen, and comparing the interference colors of 
the stripped and unstripped regions. In the region 
that has been stripped, film thickness will be a 
function of the voltage used to apply the coating, 
and an interference color characteristic of this film 
thickness will be observed. In the region that has not 
been stripped, the anodic coating operation will in- 
crease the thickness of the barrier portion of the 
pre-existing film to the same thickness as that in 
the region that had been stripped. If any porous film 
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Fig. 1. Shows condition of specimen at three stages in film 
measurement. 


exists in this region, the total film thickness will 
differ from that on the other region by the thickness 
of the porous portion of the pre-existing film, and an 
interference color, characteristic of the total thick- 
ness, will be visible. The difference in color, which 
represents the thickness of the porous portion of the 
film, may be translated to film thickness by compari- 
son with appropriate interference color standards, 
the preparation of which is described later. 

The detail of the method and its manner of opera- 
tion can be understood more thoroughly by referring 
to Fig. 1, which illustrates the use of the method for 
a film 150A in thickness, consisting of a 50A barrier 
layer and a 100A porous layer. Such a film is too 
thin to exhibit an interference color of its own. A 
cross section of such a coating with the barrier and 
porous portions indicated is shown at A. Half of the 
sample is immersed in a boiling solution containing 
20 g CrO, and 35 ce of concentrated H,PO, (85% ) 
per liter of solution. This solution effectively re- 
moves the oxide film but does not attack the alum- 
inum. The condition of the sample at this stage is 
shown at B, where the oxide film remains on one- 
half of the specimen with the other half essentially 
oxide free. 

After the film has been removed from half the 
specimen, the entire sample is immersed in an elec- 
trolyte capable of forming an essentially barrier- 
type film, and voltage is applied. An electrolyte that 
has been used successfully consists of a 3% C,H,O, 
solution adjusted with NH,OH to a pH of 5.5. When 
voltage is applied, barrier-type oxide forms to a 
thickness equivalent to the applied voltage over the 
entire specimen, as indicated at C in Fig. 1. In the 
stripped region, the entire 900A of barrier oxide is 
formed in the coating operation. In the region which 
still has the original film, the barrier-type oxide is 
increased in thickness to the same value (900A). In 
this region, however, the barrier now consists of 
the 50A barrier portion of the original film and 
850A of barrier oxide formed during the coating 
step. On the stripped region, the total film thickness 
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is the 900A of newly formed barrier oxide. The un- 
stripped region has the same thickness of barrier 
oxide and, in addition, the 100A of porous oxide that 
was present initially. Thus the total film thickness 
on the two regions differs by an amount equal to 
the thickness of the porous portion of the initial film. 

It is also possible to use this method to advantage 
with somewhat thicker films, such as those which 
show a characteristic interference color. In this case, 
a similar procedure is used except that the specimen 
is divided into three regions instead of two. A region 
at one end of the specimen is stripped, and this re- 
gion and the adjoining region are coated as described 
above. In the stripped region, the interference color 
will correspond to the thickness of film applied 
anodically. The central region, which was not 
stripped but was coated, will have a color equivalent 
to a somewhat greater thickness of oxide. The differ- 
ence between these two colors represents the thick- 
ness of the porous layer, as in the case of thin films. 
In the region which has been neither stripped nor 
coated, the color will represent the over-all thick- 
ness of the initial film. Measurement can be made 
of the thickness of the barrier layer in this region. 
This thickness subtracted from the over-all thick- 
ness of the film will represent the thickness of the 
porous portion of the film. This value will constitute 
a check on the one determined by the difference be- 
tween the colors of the two coated regions. 

In forming the barrier-type film on the test speci- 
men voltage is applied to increase the thickness of 
the barrier portion of the film and to bring the 
over-all thickness of the film into the range where 
interference colors are observed. While measure- 
ments can be made using any region of the inter- 
ference spectrum, best results are obtained in the 
region of color from red-violet through blue to blue- 
green, because it is in this range that the interfer- 
ence colors change most rapidly with changes in film 
thickness. Consequently, it is best to select a voltage 
which produces on the stripped portion of the speci- 
men a film having a red-violet interference color. 
When this is done, the final film thickness on the un- 
stripped region will lie in the violet, blue, or blue- 
green regions or beyond, and the difference in color 
will be in the most sensitive range. A potential of 
64 v produces a film having the desired red-violet 
interference color on the stripped region. 

The time of coating should be sufficient to permit 
practically complete film formation and should be 
controlled. With the tartrate electrolyte described, 
a time of 12 min has proven to be optimum. 

Conversion of the color differences to film thick- 
ness values can be made by comparison with care- 
fully prepared oxide film step gauges. Such gauges 
should be made with great care with particular at- 
tention to the precise voltage and coating time used 
in the formation of the various oxide steps. Difficulty 
from this source may be avoided by using the same 
electrolyte and the same coating time for applying 
the barrier-type film in the measurement method as 
are used for making the comparison step gauge. 
With appropriate precautions, accurate step gauges 
having 7A (0.5 v) steps can be made. Color differ- 
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ences corresponding to thickness differences of this 
order are about the least that can be detected 
visually. 

Measurements of porous-film thickness may also 
be made by any instrument capable of accurately 
measuring the wave length of the interference colors 
or the difference between two such colors. A reflect- 
ance spectroscopic method for this purpose has re- 
cently been developed, using the same principle de- 
scribed here (9). 

In measuring comparatively thick films by this 
method, it must be kept in mind that, as the films 
increase in thickness, the interference colors pro- 
gress through one order of interference after an- 
other. The first color observed is yellow, followed by 
red, violet, blue, green, and then yellow again. The 
first order yellow corresponds to a film thickness of 
about 500A, whereas second order yellow is observed 
with films about 1300A thick. Thus, the interference 
order of the color observed must also be determined. 

A simple method has been found for differentiat- 
ing between the first four interference orders. This is 
simply to view the colors at grazing incidence by 
polarized light through a polaroid filter. If the color 
is in the first interference order, it will be observed 
when the plane of polarization of the filter is per- 
pendicular to the plane of incidence, but will disap- 
pear when the plane of polarization is parallel to the 
plane of incidence. With second order colors, the re- 
verse will be apparent, the color being observed 
when the plane of polarization is parallel and van- 
ishing when it is perpendicular to the plane of inci- 
dence. With third order colors, the color with the 
plane of polarization perpendicular to the plane of 
incidence will be the same as that of a first order 
film but, with the plane of polarization parallel, the 
complementary color will be evident. With fourth 
order colors, the situation again reverses, for the 
color is seen when the plane of polarization is paral- 
lel, and the complementary color is seen when it is 
perpendicular to the plane of incidence. 

As mentioned previously, the particular interfer- 
ence color observed with a given thickness of film 
depends on several factors. One of these is the man- 
ner in which the film is observed. The most satisfac- 
tory method of viewing the interference colors of 
thin oxide films on aluminum is at a large angle 
(grazing incidence) against a white background. 
The larger the angle used, the more intense are the 
colors. In addition, it has been found convenient to 
view the interference colors through a piece of 
polaroid film because this also intensifies the colors. 


The light source for viewing interference colors 
also has a bearing on the particular color observed. 
It has been found that the most satisfactory light 
source is daylight or white light from a frosted 
light bulb or from fluorescent lights. For best results 
the light should be reflected from a white surface, 
across the specimen to the eye. In the present 
method, which uses comparison with standard sam- 
ples, the method of viewing and the light source are 
eliminated as sources of error by viewing both the 
standard and the unknown in the same manner with 
the same type of lighting. 
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The optical properties and structure of the oxide 
films also have a bearing on the interference color 
observed. In particular, the color is a function of 
the index of refraction of the film. Since the in- 
dices of refraction of all types of thin oxide films on 
aluminum are similar (1.58-1.65), little error is 
involved even if the effect of refractive index is 
ignored. The effect of index of refraction may be 
nullified, however, by the use of oxide films on 
aluminum for the comparison standards. 

In the course of this work, it has been observed 
that certain film porosity can introduce an error into 
the measurement. This has been found to be the case 
with porous films of the type made in electrolytes 
that have appreciable solvent action on the oxide 
and those that develop films having a comparatively 
large amount of porosity. The effect of porosity is to 
change the effective index of refraction because the 
film is not solid oxide but consists of a certain per- 
centage of oxide and a certain percentage of air. It 
should be possible, however, to calculate the effec- 
tive index of refraction from per cent porosity data, 
if it is known for the particular coating, and thence 
to apply a correction for porosity. This might be done 
by calculating the per cent porosity from cell and 
pore dimensions and the solvent action rate of the 
forming electrolyte. The effective refractive index 
could then be calculated from the ratio of the vol- 
ume of the pores and the volume of compact oxide. 


Applications 

Since its development, this method for measuring 
thin porous-type films has received considerable 
usage in a variety of applications. Among these has 
been the measurement of thin films formed in vari- 
ous solutions. Two examples will serve to show the 
usefulness of the method for work of this type. 

One interesting investigation was concerned with 
the development of alpha monohydrate films on 
aluminum by boiling in water. As shown by Fig. 2, 
which shows film formation on high-purity (99.99% ) 
aluminum in boiling distilled water after a chemical 
polish, such treatment led to the rapid development 
of film along what appears to be a two-part curve. 
It is believed that the comparatively slow rate at 
the start of boiling is associated with the necessity 
of destroying or converting the pre-existing film on 
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Fig. 2. Development of a monohydrate film on high-purity 
aluminum in boiling distilled water after chemical polish. 
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Fig. 3. Film growth on high-purity aluminum in concen- 
trated nitric acid. 


the aluminum. Once this film was disposed of, which 
required about 25 sec, film developed rapidly and in 
the expected manner. Similar behavior was en- 
countered during the hydration of anodically formed 
films by boiling in water (10). In this case, it was 
demonstrated that the two-part curve represented 
the hydration of the anodic film until it was com- 
pletely converted to alpha monohydrate, followed by 
monohydrate formation by reaction of water with 
the underlying metal. 

Another investigation was concerned with film 
formation in concentrated nitric acid at room tem- 
perature, a treatment which produces a very thin, 
stable film on aluminum. In this work, a mechanical 
treatment and two types of chemical treatments 
were used for surface preparation. As shown by 
Fig. 3, film thickness progressed through a maximum 
before reaching a low steady value. It is evident also 
that the type of preparation had little effect on the 
final film thickness but had a pronounced effect on 
the manner in which the final thickness was reached. 
It is believed that the changes in film thickness are 
related to the type of film present on the metal and 
that the pre-existing films had to undergo some 
change before the ultimate stable film could be 
formed. In the case of the two types of chemical 
surface preparation, the films were evidently such 
that only little readjustment was required. On the 
other hand, considerable readjustment was neces- 
sary in the case of the mechanically polished sample, 
in the course of which a comparatively thick inter- 
mediate film was created. The changes in film thick- 
ness after mechanical polishing in these experiments 
are in general agreement with those observed by 
Tronstad and Hoverstad (11), who followed the 
same phenomenon by measurements of optical con- 
stants. 

A third interesting application of the film meas- 
urement method was in an investigation of the char- 
acteristics of several barrier-type electrolytes. When 
aluminum is made anode in such an electrolyte, cur- 
rent flow diminishes to a low, constant value which 
is considered to be leakage. At this point, it is as- 
sumed that the film is completely formed and has a 
thickness proportional to the applied voltage. 

Investigation of several common barrier-type elec- 
trolytes, however, has shown that the final steady 
current is more than just leakage and that the film 
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Fig. 4. Film growth in ammonium tartrate electrolyte 


actually continues to grow by the formation of po- 
rous oxide. For instance, film formation on high- 
purity aluminum in an ammonium tartrate solution 
yielded the current and film thickness values shown 
in Fig. 4. During the first 12 min of coating time, 
barrier thickness increased in inverse proportion to 
current flow, after which both values remained sub- 
stantially constant. When the formation operation 
was continued, however, the total film thickness in- 
creased gradually by virtue of the formation of po- 
rous-type oxide. The formation of porous oxide pro- 
ceeded linearly with time, which is reasonable since 
the amount of oxide formed is a function of time, 
when current density is constant. 

Since barrier thickness remained constant while 
the porous film thickness was increasing, additional 
barrier-type oxide was being formed to replenish 
that converted to porous oxide. This, in turn, would 
require passage of a certain current. Comparison of 
the current going to the formation of new oxide and 
the total current to the cell showed that only about 
half of the current could actually be considered as 
leakage since approximately half of the current 
flowing was involved in oxide formation. 

Further proof of the formation of porous-type 
oxide in this electrolyte was obtained by electron 
microscopy. When a 40-v potential was applied to 
high-purity aluminum as anode for 15 hr and the 
film was removed and examined by electron trans- 
mission, the structure seen in Fig. 5 was observed. 
The light spots represent the pores in the film where 
the electron beam had to penetrate only the barrier 
layer. When the film was »emoved completely and 
the surface of the underlying metal was examined, 
the cell base pattern seen in Fig. 6 was evident. 
This and the pore pattern seen in Fig. 5 are char- 
acteristic of porous-type oxide coatings in which the 
pore structure is developed by virtue of solvent ac- 
tion of the electrolyte on the oxide (3). 

In exploring the characteristics of various electro- 
lytes with respect to their ability to form truly 
barrier-type films, the perfect electrolyte has not 
yet been found. The ammonium tartrate electrolyte 
is among the best, as are dilute chromic acid solu- 


Fig. 5. Shows pore structure developed by 15-hr formation 
at 40 v in ammonium tartrate electrolyte. Magnification: 
30,000X. 


Fig. 6. Shows metal surface underlying coating formed 15 
hr at 40 v in ammonium tartrate electrolyte. This cell base 


pattern is characteristic of porous type coatings. Magnifica- 
tion: 30,000X. 


tions and the boric acid electrolytes used extensively 
for high voltage work. No solution has been found, 
however, which does not exert some solvent action 
on the oxide and thus lead to the formation of porous 
film. 

The fact that most electrolytes exert some solvent 
action on the oxide and thus lead to the formation 
of porous-type oxide is highly significant in the use 
of the porous film measurement described in this 
paper. Because of this situation, it is essential that 
the formation conditions used with a sample be the 
same as those used in the preparation of any step 
gauges employed. When the same electrolyte is used, 
the optimum time is a balance between complete 
film formation for the voltage used and creation of 
porous-type oxide as a result of solvent action. 


Conclusion 
The method for measuring the thickness of po- 
rous-type films is comparatively simple, but with 
moderate precautions is capable of considerable ac- 
curacy. While features such as per cent porosity and 
refractive index appear to have an effect on the 
values obtained and, consequently, might seem to re- 
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strict the utility of the method, it should be possible 
to calculate the effect of such factors and thus adapt 
the method for universal application. Until the de- 
tails of such corrections can be established, the 
method can be used successfully provided the na- 
ture of the comparison step gauges is similar to that 
of the film being measured. This method should have 
considerable utility in dealing with thin films not 
only on aluminum but also on any other materials 
which develop similar types of films. 
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The Effect of Dissolved Gases on the Electrical 
Conduction and Breakdown of Insulating Oil 


H. Tropper 


Department of Electrical Engineering, Queen Mary College, University of London, London, England 


ABSTRACT 


An experimental study has been made of the effect of dissolved air on the 
electrical conduction and breakdown of insulating oil. It was found that the 
breakdown of degassed oil is preceded by an appreciable conduction current 
which is accompanied by fluorescence of the highly stressed oil. It was shown 
that both the conduction current and the breakdown voltage, particularly the 
latter, are affected by the residual oxygen dissolved in the oil. Other observa- 
tions are concerned with the change in breakdown voltage when the air con- 
tent of the oil is increased up to its saturation value at atmospheric pressure. 


The purpose of the paper is to present a résumé of 
some of the more important results of recent experi- 
ments on the effect of dissolved gases on the elec- 
trical conduction and strength of insulating oils. 
Work on this topic is still in progress, and results 
reported here were obtained by a number of work- 
ers using different test apparatus and testing tech- 
niques.’ They have, therefore, to a great extent been 
confirmed independently. 


Experimental 

Although the test apparatus used differed in de- 
sign, they consisted in all cases of glass systems 
which completely sealed the oil from the atmos- 
phere during the tests. The excess pressure required 
for the filtration of the oil and for spraying it into 
the degassing or mixing chamber was obtained by 
mechanical means, such as a bellows pump or small 
rotary oil pump. In this way the undesirable pro- 
cedure of admitting a small amount of air into the 
system was avoided, and thus a better control over 

‘The properties of insulating oils are studied in the laboratory 
by a small team under the supervision of the author. Most of the 
results contained in the paper were obtained by Khambanonda (1), 
but use also has been made of the work of M. Darveniza, C. H 


Gosling, and W. P. Jayasekara. Mentioned also are some observa- 
tions made by A. M. Sletten on hexane. 


the impurities in the oil was achieved. Samples of 
varying air content were prepared by introducing 
carefully dried and filtered air into the degassing 
chamber at the required equilibrium pressure and 
spraying degassed oil into this chamber. This op- 
eration could be carried out independently of the 
filtration of the oil, and it was therefore possible to 
prepare test samples of oil of different air content 
which had been filtered previously with different 
grades of filters. As a rule sintered glass filters of 
porosity No. 4, having a pore diameter of 5-15y, and 
of porosity No. 5, of pore diameter less than ly, 
were used during the experiments. For the sake 
of brevity, oil filtered with these filters will be 
referred to in the following as No. 4 and No. 5 
filtered oil, respectively. 

In one of the investigations the oil was purified 
by molecular distillation. This was done at pres- 
sures from 0.01 to 1 mm Hg and at temperatures 
from 50° to 180°C. 

In all cases a small-scale testing technique was 
adopted with the spacing between spherical elec- 
trodes varying from 25 to 150u. The tests were made 
with direct voltages, and damage to the electrodes 
and oil contamination was kept to a minimum by 
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by-passing the discharge current using a hydrogen 
thyratron which shorted the test cell 0.54 sec after 
breakdown. 

All results quoted were obtained with normal 
commercial transformer oil complying with the 
B.S.148:51 and of 28 centistokes viscosity at 21°C. 
It was of Peruvian origin and consisted of 53.7% C 
contained in paraffinic components, 37.8% C in 
napthenic, and 8.5% C in aromatic components. The 
average molecular weight was 310 and the density 
0.88. The vapor pressure at 0°C was 10* mm Hg. 
Test samples prepared from this oil, which con- 
tained air at a partial pressure of approximately 
0.02 mm Hg, here are referred to as degassed oil. 

During breakdown measurements a conditioning 
process was observed, that is to say, with fresh elec- 
trodes successive voltage applications gave either 
increasing (conditioning up) or decreasing (condi- 
tioning down) breakdown values, and only after a 
certain number of discharges had passed through 
the gap were steady conditions obtained. The break- 
down values quoted are those measured after con- 
ditioning had taken place. The study of the condi- 
tioning process is important and may throw valuable 
light on the breakdown mechanism; some results 
relating to this effect are given below. 


Results 


The breakdown strength of degassed oil was high 
and it increased when finer filters were used for 
the oil filtration. No significant difference in the 
breakdown values was found for electrodes made of 
copper, chromium, aluminum, and steel but there 
was a marked increase of some 40% for electrodes of 
stainless steel. For example, for spherical stainless 
steel electrodes of % in. (12.7 mm) diameter and 
a gap setting of 89» the breakdown strength of de- 
gassed No. 4 filtered oil was 980 kv/cm and the 
strength increased to approximately 1220 kv/cm 
when a No 5. filter was used. Still higher values 
were obtained with finer filters or when the oil was 
purified by molecular distillation. 

The electrical breakdown of oil of such high di- 
electric strength is characterized by three distinc- 
tive features: (a) breakdown is always preceded by 
a pronounced conduction current; (b) during this 
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Fig. 1. Conduction current vs. electrical stress; curve 1 for 
No. 4 filtered oil and curve 2 for No. 5 filtered oil. 
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current flow light is emitted from the highly stressed 
region of the oil; and (c) the breakdown strength 
is critically dependent on the air content of the test 
sample. 

The prebreakdown current became noticeable at a 
stress of about 600 kv/cm, which is somewhat higher 
than the breakdown strength of less carefully pre- 
pared oil. The general shape of the variation of this 
current with the applied field is shown in Fig. 1 for 
two samples filtered, respectively, through No. 4 and 
No. 5 filters. The electrodes were % in. diameter 
stainless steel spheres with a gap setting of 89 wp. The 
current appeared to depend only on the electric field, 
and the breakdown of the oil could take place at 
any value of the current. In the event of a break- 
down the subsequent conduction current was higher, 
but it subsided gradually to the original value. 


Prebreakdown Current and Fluorescence 


The prebreakdown current was accompanied by 
light emission from the highly stressed region of the 
gap. At field strength of 600-700 kv/cm filamentary 
streamers of constant light intensity could be seen to 
bridge the gap. The number of these streamers in- 
creased with the applied field until the gap was 
bridged by a diffuse glow which, for field strength of 
about 1000 kv/cm, had a diameter of 2-3 times the 
gap spacing. [he color and frequency of the emitted 
light was similar to the blue fluorescence which is 
observed when the oil is irradiated from an ultra- 
violet source. 

Darveniza (2), who has studied this phenomenon 
in detail, has shown that it is a fluorescence effect. It 
is known that traces of polycyclic aromatic com- 
pounds are present in the oil, and he suggested that 
the light emission is due to excitation of molecules 
of this type. Like the conduction current, the lumi- 
nosity was found to increase exponentially with the 
applied field, but no marked change with field could 
be observed in the spectrum of the emitted light. 
Removal of most of the fluorescent impurities by 
fractional distillation reduced the intensity of light 
emission, and at the same time an increase of the 
breakdown strength of the oil from 1100 to 1300 
kv/cem was obtained. 

In support of his suggested explanation Darveniza 
has shown that fluorescence induced by high elec- 
tric stress does also occur in n-hexane when small 
traces of anthracene or p-terphenyl are added to this 
liquid. The light emitted is characteristic of the 
added impurities, while for spectroscopic grade of 
n-hexane no luminosity could be detected for elec- 
tric fields up to 1100 kv/em when breakdown oc- 
curred. As for oil, the presence of the fluorescent 
impurities in the hexane increased the conduction 
current and lowered its breakdown strength. 

It might be thought that the light emission of the 
highly stressed oil was due to micro discharges 
rather than to excitation of fluorescent impurities. 
However, subjecting the oil to a negative pressure 
during the tests did not bring about a change in the 
intensity of the emitted light, nor did fracture of the 
oil under tension occur at field strengths as high 
as 1000 kv/cm. 
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Variation of Strength with Air Content 


The third important observation which was made 
with degassed oil was the great sensitivity of the 
breakdown strength to small changes in the air con- 
tent. For example, a change of air content corre- 
sponding to a change in partial pressure from 0.02 
to 0.8 mm Hg can result in an increase in the 
breakdown strength of approximately 20%. Increas- 
ing the air content also lowers the conduction cur- 
rent. This is more marked at lower field strengths 
and more difficult to observe at higher fields near 
breakdown because of the rapid increase of the cur- 
rent in this region. 

There is strong experimental evidence that the in- 
crease in breakdown strength is due to the oxygen 
which is introduced with the air into the oil. This 
effect of oxygen also has been noticed in the break- 
down of compressed gases, and it has an important 
bearing on the study of the breakdown of other 
organic liquids. For n-hexane it has been examined 
fairly extensively in this laboratory by Sletten (3). 
He found for distilled and carefully degassed hexane 
that the measurements of the conduction current 
were very erratic and breakdown occurred at 
strength values of the order of 890 kv/cm with a 
coefficient of variation of 10%. Results were the 
same when nitrogen was dissolved in the hexane 
after distillation. However, replacing the nitrogen 
by oxygen or air resulted in a marked improvement, 
and he was able to obtain consistent and repeatable 
conduction current characteristics for fields right up 
to the breakdown of the liquid, With oxygen present, 
the breakdown strength was 1300 kv/cm and the 
scatter in the measurements was reduced to 5.8%. It 
is believed that this effect of oxygen may well ex- 
plain some of the discrepancies in the published 
breakdown data for liquids. It has certainly helped 
us to understand and clarify some of our own ex- 
perimental results of the past, and any theory for the 
breakdown mechanism of liquid dielectrics must 
take account of it. 

The variation in breakdown strength for small 
additions of air to the degassed oil is shown in Fig. 
2. The values plotted were obtained with No. 5 fil- 
tered oil tested between % in. diameter spherical 
stainless steel electrodes and a gap spacing of 89 uz. 
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Fig. 2. Electrical strength vs. partial pressure of dissolved 
air; curve | with electrodes conditioned in degassed oil be- 
fore test, curve 2 with fresh electrodes for each point, i.e., 
with conditioning in oil of different air content. 
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The figure reveals the rapid variation of the electric 
strength which is characteristic of low air content 
when the dissolved air is changed by small amounts. 
It is difficult to obtain for this region reliable results 
for the variation of strength unless the air content 
of the test sample is controlled carefully and varied 
by sufficiently small amounts. Without this pre- 
caution the changes in breakdown strength are 
masked, and what is observed is an apparent ran- 
dom fluctuation in the measurements which is ap- 
preciable and may be confused with an excessive 
scatter. It should be noted, however, that the change 
of breakdown strength resulting from changes in 
air content is greater than the scatter of the results 
for one particular air content. 

The situation is made more complicated by the 
fact that the actual breakdown values measured do 
depend on the measuring technique adopted during 
the tests. This is illustrated by the two curves No. 1 
and 2 in Fig. 2. The points on curve No. 1 were ob- 
tained with the same pair of electrodes which were 
conditioned before the test in degassed oil, while for 
curve No. 2 fresh electrodes were used for each of 
the samples of different air content, so that condi- 
tioning took place in oil containing various amounts 
of dissolved air. There is a marked difference be- 
tween the two cases. In both there is the sharp rise 
in breakdown strength already referred to as the air 
content is increased. After this the strength de- 
creases again, but whereas this takes place gradually 
for curve No. 1, there is a sharp drop to a low value 
in the case of curve No. 2, after which it rises again. 

The subsequent change in electrical strength as 
the air content exceeds a value corresponding to 30 
mm Hg is shown for the two cases in Fig. 3. The 
general shape of the variation, particularly for curve 
No. 2, is of the type first reported by Clark in 1933 
(4). As far as the author is aware there is no other 
reference in the literature to this behavior of the 
breakdown strength, and the above results confirm 
Clark’s observation. However, as can be seen, the ob- 
served variation does depend significantly on the test 
procedure, and the results in Fig. 2 and 3 provide a 
good illustration of how the latter can affect the re- 
sults of breakdown measurements. 

A similar variation of electric strength with air 
content was found for No. 4 filtered oil, except that 
the values were lower, and still lower values were 
obtained for No. 5 filtered oil when tested with 
aluminum spheres. 
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Fig. 3. Continuation of curves | and 2 of Fig. 2 for higher 
partic! pressures. 
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The effect of the filter porosity becomes more pro- 
nounced as the air content is increased, and the 
strength decreases by nearly 30% when oil saturated 
with air at 760 mm Hg was filtered with a No. 4 
filter instead of a No. 5 filter. The strength of the 
oil saturated with air at atmospheric pressure was 
still dependent on the electrode metal, and stainless 
steel electrodes again gave the higher strength. With 
this metal and No. 4 filtered oil the strength values 
measured were 15% higher than when aluminum 
electrodes were used. 


Effect of Hydrostatic Pressure 

The effect of hydrostatic pressure on the break- 
down strength of the oil was examined for pres- 
sures in the range of approximately 0.02 mm Hg to 
atmospheric pressure. No. 4 and No. 5 filtered oil 
which was degassed was used, as well as oil filtered 
in this way, but containing varying amounts of 
air. The results for the No. 5 filtered oil and the No. 
4 filtered oil are shown in Fig. 4 and 5, respectively. 
Each point on the curve represents the average of 
10 breakdown measurements. 

For No. 5 filtered degassed oil no pressure de- 
pendence could be detected when the normal pro- 
cedure was used, that is to say, when conditioning 
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Fig. 4. Electrical strength vs. hydrostatic pressure for No. 5 
filtered oil; curves 1 and 2 for degassed oil using two different 
testing techniques, and curve 3 for oil saturated with air at 
atmospheric pressure. 
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Fig. 5. Electrical strength vs. hydrostatic pressure for No. 4 
filtered oil; curve 1 for degassed oil, curve 2 for oil containing 
air at a partial pressure of 320 mm Hg, and curve 3 for oil 
saturated with air at atmospheric pressure. 
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before the tests was done at atmospheric pressure. 
However, as can be seen from the figure, there was 
a marked pressure dependence when the condition- 
ing process was carried out at a reduced pressure. 
In this case the same breakdown strength was ob- 
tained at atmospheric pressure, but at reduced pres- 
sure the strength was 15% smaller. This provides 
another example of how experimental procedure 
can affect the results. 

When the degassed oil was filtered through a No. 
4 filter and conditioning was done at atmospheric 
pressure there was again no pressure dependence 
when the pressure was varied from 760 to about 50 
mm Hg, but for smaller pressures the electric 
strength values decreased, and a more detailed ex- 
amination of the low pressure region showed the 
presence of a kind of Paschen minimum, which is 
not shown in Fig. 5. 

As was to be expected, a more pronounced pres- 
sure dependence was observed as the air content of 
the oil increased. For oil saturated with air at atmos- 
pheric pressure and No. 5 filtered the strength in- 
creased from 500 to 950 kv/cm as the pressure in- 
creased from a low value to atmospheric pressure, 
and for No. 4 filtered oil of the same air content, 
the increase for the same pressure range was from 
200 to 750 kv/cm. For the sake of comparison a test 
was made with No. 4 filtered oil in equilibrium with 
air corresponding to a pressure of 320 mm Hg. As 
can be seen from Fig. 5 the electric strength at 
atmospheric pressure of this oil is the same as that 
of the degassed oil, but the pressure dependence is 
more marked. Over the pressure range considered 
it shows an increase of 36%, whereas the strength 
of the degassed oil increases only by about 12%. 

During tests at reduced hydrostatic pressures, the 
evolution of gas bubbles could be observed before 
breakdown, particularly for No. 4 filtered oil. With 
oil filtered through a No. 5 filter, several breakdowns 
could take place before bubbles appeared before 
breakdown, while with oil filtered with the coarser 
filter, bubbles appeared before each breakdown. To 
ensure consistency of test samples the oil, in this 
case, was changed after each test. , 

As mentioned already, there was no significant 
difference in the electrical strength values of the de- 
gassed oil when electrodes made of copper, steel, 
aluminum, and chromium were used, but stainless 
steel electrodes always gave higher values. With in- 
creasing air content stainless steel electrodes still 
gave higher values, but the difference between the 
values obtained with electrodes of this metal and 
those of other metals varied with the air content. 
As a rule the difference decreased at first as the air 
content was increased and became more marked 
again as the air content reached the saturation value. 

In all cases the electrical strength remained the 
same when the gap spacing was varied over a range 
of about 25-130 u, but there was a definite electrode 
area effect. As can be seen from Table I, the elec- 
trical strength was nearly 50% higher when % in. 
diameter spherical electrodes were used instead of 
plate electrodes with an effective area of 3 mm 
diameter. The results in Table I were chosen to 
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Table |. Selection of electrical strength values obtained with different electrodes and oil samples; 
gap spacing 100u throughout 


February 1961 


No. of Electric Coeff. of 
break- strength, variation, 
Conditions of oil downs kv/cem %o 


4 in. diam. spheres Stainless steel No. 5 filtered, degassed 50 1225 6.0 
1 in. diam. hemispheres Stainless steel No. 5 filtered, degassed 40 1060 7.8 
Plates of 3 mm effective Stainless steel No. 5 filtered, degassed 40 845 4.1 
area 
'% in. diam. spheres Aluminum No. 5 filtered, degassed 40 950 8.1 
% in. diam. spheres Stainless steel No. 4 filtered, degassed 40 1025 6.0 
% in. diam. spheres Chromium No. 4 filtered, degassed 50 865 7.9 
% in. diam. spheres Steel No. 4 filtered, degassed 40 890 6.0 
4 in. diam. spheres Copper No. 4 filtered, degassed 60 886 6.1 
% in. diam. spheres Aluminum No. 4 filtered, degassed 50 880 7.5 
% in. diam. spheres Stainless steel No. 4 filtered, air satu- 30 670 5.9 
rated at 760 mm Hg 
% in. diam. spheres Aluminum No. 4 filtered, air satu- 30 570 10.5 


illustrate that the various factors which affect the 
strength of the oil (such as electrode metal and size, 
filter porosity, etc.) do not mask each other when 
present together but seem to have a cumulative 
effect. 

Influence of Electrode Metal and Polarity 


Because of the observed dependence of the elec- 
trical strength on the electrode metal, some tests 
were made using different metals for anode and 
cathode in order to examine which of the two elec- 
trodes playec the predominant role in the break- 
down. With uniform field configurations it was 
found, on the whole, that, when the air content of 
the oil was low, breakdown depended on the metal 
of the cathode, but the situation changed as more 
air was dissolved, and for oil saturated with air at 
760 mm Hg the metal of the anode seemed to become 
important. 

To establish more definitely the presence of any 
anode or cathode dependence tests also were made 
with unsymmetrical field configurations by using a 
point-plate electrode system. With such a system the 
electrical field at the two electrodes is different, and 
tests with different polarities of the applied voltage 
should, therefore, reveal more readily the presence 
of any anode or cathode dependence of the break- 
down. For degassed oil, and making the plate elec- 
trode the cathode, there was a pronounced cathode 
dependence, and different breakdown voltages were 
recorded for different cathode metals. When the oil 
was saturated with air the role of cathode and anode 
was reversed. In this case the breakdown voltage 
did not vary for different cathode metals, but re- 
versing the polarity resulted in breakdown values 
which depended on the metal of the plate electrode 
which was now the anode. 


Conditioning Effect 

Many tests were made to study the conditioning 
process, and it would appear that, for clean oil at 
any rate, conditioning is an electrode effect. The 
experiments have shown that, once the electrodes 
were conditioned in a particular oil sample, they re- 
mained conditioned and the same breakdown values 
were obtained when the electrodes were retained 
and the sample was replaced by another one of the 


rated at 760 mm Hg 


same kind. The use of new electrodes, however, 
made fresh conditioning necessary. 

The conditioning was more effective when carried 
out at high hydrostatic pressures. For example, with 
electrodes conditioned at reduced pressure, sub- 
sequent measurements showed a pressure dependence 
of the breakdown, but this dependence was not so 
marked, and sometimes even absent (see curve No. 
1 of Fig. 4) when the electrodes were previously 
conditioned at atmospheric pressure. Evacuation of 
the test cell before filling with oil was important, 
and short evacuation periods, on the whole, pro- 
duced low ultimate strength values. All this seems to 
indicate that the conditioning process is connected 
with the establishment of equilibrium conditions of 
adsorbed air on the electrode surface (5). This is 
further supported by the observation that the pres- 
ence of air in the oil causes downward conditioning, 
while for carefully degassed oil upward condition- 
ing, as well as occasional no conditioning, could be 
observed. 

It would appear from the tests that for degassed 
oil it is the cathode which is responsible for the con- 
ditioning. Experiments using nonuniform field con- 
figurations seem to confirm this. With a point-plate 
electrode system conditioning was observed only 
when the point electrode was positive and it was 
absent for the negative point breakdown. 

Finally, the conditioning process is slower and 
more gradual, the larger the effective electrode 
area and the smaller the energy dissipated during 
breakdown. When a capacitor is connected across 
the test gap to increase the discharge capacitance, 
only a few breakdowns are required to complete 
the process. It is also dependent on the hardness of 
the electrode metal, and for aluminum, the softest 
metal used, conditioning was found to be absent, in 
agreement with previous observations (5). 


Discussion 
The observed variation of the electrical strength 
of the oil with air content and its dependence on the 
hydrostatic pressure suggest strongly that break- 
down takes place in the gaseous phase. The experi- 
mental results given above provide further evidence 
in support of the qualitative picture of the break- 
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down mechanism which was put forward some time 
ago (6). 

According to this, two processes are involved when 
breakdown takes place. In the first place electrons 
must be introduced into the gap and it was suggested 
that this takes place by emission from the cathode, 
and second, the number of these initial electrons 
must be adequately multiplied in the bulk of the 
liquid by some ionization process. As for gas dis- 
charges, breakdown will take place when the total 
electron yield assumes a critical value. Whatever the 
nature of the second process it will involve the for- 
mation of an electron avalanche extending across the 
electrode gap, and the total electron yield will de- 
pend on both the number of initial electrons sup- 
plied by the first process and the size of the ava- 
lanche which is limited by the electrode spacing. 

All the results reported here were obtained from 
tests using gap settings which were exceedingly 
small compared with the electrode size, so that the 
build-up of the avalanches was restricted. Under 
these conditions, the electron yield necessary for 
breakdown can be established only if the number 
of initial electrons fed into the avalanche by the 
first process is sufficiently large. For these very 
small gap settings one would expect, therefore, that 
the breakdown is governed by this process; this was 
borne out by experiments which showed a marked 
conditioning effect, a dependence on the electrode 
metal, and an electrode area effect. The measured 
breakdown fields of the degassed oil were sufficient 
for an adequate electron emission from the cathode, 
and moreover it is very probable that this process 
was facilitated by an enhanced cathode field due to 
the presence of positive ions near this electrode and 
separated from it by an insulating oxide film. 

With larger gaps, on the other hand, the size of 
the avalanche is not so restricted. This will facilitate 
the electron multiplication process, and adequate 
electron yield will be possible with a small number 
of initial electrons, so that the role of the first proc- 
ess will be of minor importance. This was con- 
firmed by Jayasekara (7). Using a large-scale test- 
ing technique with gap settings of several milli- 
meters he found that, as the gap setting was in- 
creased, the conditioning effect and the dependence 
of breakdown on the electrode metal became less 
marked until, for sufficiently large gaps, both were 
absent. With these larger gaps there was no elec- 
trode area effect, but instead a marked gap depend- 
ence of the breakdown strength was observed. 

The experiments have shown that small addi- 
tions of air to the degassed oil produce a rapid in- 
crease in breakdown strength. Since for small spac- 
ings the latter is largely governed by the supply of 
initial electrons, it would appear reasonable to as- 
sume that the additional air must interfere in some 
way with the first process and render it less effec- 
tive. This may be accomplished by an electron at- 
tachment mechanism, and the trapping of electrons 
by oxygen molecules is suggested as such a possi- 
bility. 

The observed fluorescence of the oil may be taken 
as an indication that electrons with energies of sev- 
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eral electron volts were present in the highly 
stressed region of the oil. Electrons impinging with 
these high energies may cause chemical dissociation 
of suitable constituents of the oil, resulting in the 
formation of H, or other substances of low molecular 
weight. When the local concentration of the gas 
molecules produced in this way exceeds the solu- 
bility of the gas in the oil, gas bubbles will form, and 
it is suggested that breakdown takes place by the 
ionization of such gas bubbles. Little or no pressure 
dependence was found for the breakdown in this 
region. However it should be realized that, although 
a pressure dependence may be taken as evidence that 
the gaseous phase is involved in the breakdown 
mechanism, the reverse is not necessarily true. It is 
possible that the field required for gas evolution and 
bubble formation is so high that, once bubbles are 
formed, ionization can take place irrespective of the 
prevailing hydrostatic pressure. 

As the air content is increased further the elec- 
trical strength falls again, and all the evidence seems 
to show that the role of the dissolved air in the 
breakdown process becomes important. It would 
seem reasonable to suppose that, with increasing air 
content, less energy will be required for the detach- 
ment of the dissolved gas molecules and their sub- 
sequent aggregation into micro bubbles so that such 
bubbles can form in the oil and on the electrode 
surfaces. Breakdown will be produced by ionization 
of these air bubbles and will depend on the hydro- 
static pressure, as was shown by the experiments. 
The bubble formation also will depend on particle 
impurities in the oil since these will offer preferred 
sites for nucleation. Moreover for oil containing air, 
the particle impurities themselves may carry micro 
bubbles which may act as nuclei for further bubble 
growth. This would explain the higher strength 
values which were obtained when finer filters were 
used for the filtration of the oil. 

Hence the dissolved air will facilitate the ioniza- 
tion process so that more ions will be introduced 
into the oil as its air content grows. There will be a 
tendency, therefore, for space charge formation, 
aided by the viscosity of the oil. By changing the 
field distribution in the gap, the space charge will 
influence the breakdown process, and this will be- 
come more pronounced as the air content is in- 
creased. The positive space charge which will form 
in the vicinity of the cathode will enhance the cath- 
ode field and weaken the field in the remainder of 
the gap. The general effect of the space charge will, 
therefore, be to confine the ionization to the cathode 
region, and a higher applied voltage will be re- 
quired to extend it toward the anode. Thus, although 
the conditions for the establishment of the two proc- 
esses involved in the breakdown become more 
favorable as the air content of the oil is increased, it 
is quite reasonable to expect that, beyond a certain 
air content, a higher breakdown voltage may be re- 
quired because of the field constricting effect of the 
space charge. Thus for aerated oil the observed vari- 
ation of the electrical strength with air content, 
which is of the Clark type, may well be explained by 
the effect of space charges. 
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_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
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scribed. In the former case, the crystals are of a high degree of chemical 
purity, but to effect the latter, KC] is employed as an additive and this results 
in crystals of somewhat uncertain chemical purity. The nature of the faulting 
commonly found in zine sulfide is discussed, and the effect of this on the x-ray 
diagrams is described. The morphology of the structurally pure crsytals is de- 


scribed in some detail. 


One of the basic needs of any investigation of the 
physical properties of zinc sulfide is pure material. 
Here, the word “pure” refers not only to the chem- 
ical residuals but also, and with equal importance, 
to the deviations from regularity in the crystalline 
structure. Both of these factors can cause variations 
in optical, electrical, and crystallographic properties 
of zine sulfide. In addition to this, since these prop- 
erties are directional in some cases, the form of the 
material for the necessary measurements must be 
single crystals large enough to be manipulated easily 
in experiments. 

Naturally occurring crystalline zinc sulfide satis- 
fies the requirement of structural purity. It can be 
found in the cubic (F 43m) and hexagonal (C 6mc) 
forms and also as polytypes whose unit cell is larger 
than that of the cubic or hexagonal cryStals. Un- 
fortunately, the natural crystals are highly con- 
taminated, as much as 10%, and one of the 
common impurities is iron, a luminescence killer. 
Attempts in this laboratory to leach out these im- 
purities have met with failure since the crystal 
disintegrated after treatment. 

Growing structurally pure crystals synthetically 
is difficult. Even though one has control over the 
ingredients and can keep the chemical purity high, 
the crystals themselves will not be structurally co- 
herent throughout their bulk. Zinc sulfide trans- 
forms from cubic to hexagonal above 1020°C (1), 
and there is evidence to suggest that another transi- 
tion occurs above about 1240°C’ where a pseudo- 
cubie structure will form. The customary methods 
(2, 3) for the preparation of zinc sulfide crystals 
result in crystal growth at a temperature between 


This phase change is suggested from x-ray investigation of 
erystals grown at varying temperatures. These x-ray results were 
obtained on crystals from more extensive experiments than are 
reported here 


these transition temperatures and usually produce 
a structurally impure crystal which may be con- 
sidered a mixture of the two-layer (hexagonal) and 
three-layer (cubic) modifications. Another method 
(4) provides for growth well above 1240°C where 
the crystals are of the reversed pseudocubic type. 

In this paper we shall discuss the nature of the 
faults commonly found in synthetic zinc sulfide crys- 
tals and the means of detecting them as well as the 
preparation of a chemically and structurally pure 
hexagonal crystal and structurally pure cubic crystal 
doped with 1.0 and 0.5 mole % KCl. The latter-type 
crystal has not been reported in the literature prior 
to this. 


Structural Considerations (5) 


Since all zine sulfide crystals are built up from 
close-packed layers and can be oriented with respect 
to a hexagonal set of axes, the reason for the struc- 
tural impurity can be observed readily by looking 
at the atoms in the (11.0) plane (Fig. 1). Here, we 
are looking at the layers edgewise. Each layer, as it 
adds onto the one below, has a choice of two posi- 
tions. The cyclic repetition of the layers as they build 
up determines the space group to which the crys- 
tal will belong. An alternation between any two 
positions leads to the hexagonal form; ABABAB; 
BCBCBC; CACACA. The face-centered type arises 
from the sequential repetition of all three positions; 
ABCABCABC or ACBACBAC. . . If either of these 
sequences is interrupted during growth by a layer 
choosing the alternate position, rather than the 
specific position necessary for maintaining the space 
group symmetry, a fault is formed. A large number 
of faults in any crystal is referred to as one-dimen- 
sional disorder. Faults repeated in a regular se- 
quence result in the formation of polytypes. 
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A ABC A 
(a) (b) 


Fig. 1. Stacking of hexagonal (a) and cubic (b) ZnS; e@ 
Zn; o, S. 


The detection of faults in these crystals is rela- 
tively easy. They can be examined between crossed 
nicols along the general direction [h.k.0] in a polar- 
izing microscope. The appearance of birefringence 
banding, as illustrated in Fig. 2, indicates the pres- 
ence of faults. However, the absence of such band- 
ing does not prove that there are no faults. The most 
positive means of detecting them is by single crystal 
x-ray diffraction, and the technique of the preces- 
sion camera is advantageous since it eliminates 
multiplicity effects. Precession films of an unfaulted 


Fig. 2. Crystal of ZnS in polarized light showing banded 
birefringence. 


: 
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Fig. 3. X-ray precession diagrams of various ZnS crystals: 
(a) pure hexagonal, 2-layer, sharp spots; (b) disordered hexa- 
gonal, smeared spots; (c) reversed cubic; (d) mixed hexagonal 
and reversed cubic. 
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and a faulted crystal, taken with the x-ray beam per- 
pendicular to (11.0) are illustrated in Fig. 3a and 3b. 
In one, the vertical rows of spots are sharp while in 
the other the spots are streaked along the rows. The 
streaking of spots is caused by faults (6), and only 
spots corresponding to planes of the type where 
h-k 43n are streaked. 

In the hexagonal system, the principal type of 
stacking fault is the intrusion of a three-layer se- 
quence in a dominantly two-layer repeat sequence. 
This is indicated in Fig. 4a. The limit of detection of 
this type of fault is about one in a thousand layers. 
A frequency less than this will probably not lead to 
a streaking of the x-ray spot which is easily de- 
tected. In the cubic system, twinning is the princi- 
pal fault as is seen in Fig. 4b. This system is unique 
in that detection of any odd number of faults down 
to one is possible. This arises from the threefold 
symmetry about the “c” axis or body diagonal. A 
single fault twins the two portions it separates, and 
the reciprocal lattices of the two portions are rotated 
60° with respect to one another. As can be seen in 
Fig. 3c, this causes specific spots of one lattice to oc- 
cupy lattice positions in the other which normally 
are absences, and the x-ray pattern, by layer lines, 
shows a cubic or three-layer identity distance along 
c* (reciprocal lattice axis), with a pseudosixfold 
symmetry about c*. 

These x-ray patterns can be compared with those 
obtained from crystals whose preparation is de- 
scribed below. Figure 3a illustrates the x-ray pat- 
tern of a hexagonal crystal, and it is seen that the 
spots are sharp and there is no evidence of smearing. 
Figure 5a is that of a cubic crystal, and it is seen that 
it is cubic and there is no sixfold symmetry about 
c*. This absence of sixfold symmetry is also seen in 
Fig. 5b which is a Laue pattern. Copper radiation 
was used in all the x-ray work. 


Preparation and Properties of the Crystals 
The crystals are prepared by a sealed tube method 
similar to that used by Tomlinson (2) and Reynolds 
(3). The furnace used in these experiments and a 
typical temperature gradient are illustrated in Fig. 
6. An experimental run consists of two parts; the 
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Fig. 4. Stacking sequence of faulted ZnS crystals; @ Zn; 0, S 
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outgassing step, and the growth step. The ZnS, either 
pure or doped with KCl, is put in quartz tubes 8 in. 
long and 1% in. in diameter, and these are out- 
gassed. For pure runs, this is done at 825°C and for 
KCl doped runs it is done at 525°C to avoid excessive 
loss of additive. The outgassing is continued at the 
specified temperature until the pressure falls to 10“ 
mm. In the case of a pure run, the tube is then 
cooled and 15 cm of H.S is added. It is then heated 
to 850°C in the H.S environment and kept there for 
30 min. After this, it is cooled to 825°C and the H.S 
pumped out. When the pressure has again fallen to 
10° mm, the outgassing furnace is removed and the 
tube allowed to cool to room temperature. Hydrogen 
sulfide is then added to a pressure between 10 and 
15 cm, the tube sealed, and put in the furnace for a 
growth run. In the case of the KCl additive, the 
second heating step is omitted and, after the first 
addition of H.S, the tube is sealed and put in the fur- 
nace for a growth run. 

The pure runs which result in hexagonal crystals 
are started at a hot zone temperature of 1100°C. 
This is increased slowly at about the rate of 10°C per 
day for fourteen days until the hot zone temperature 
reaches 1230°C. The linear temperature gradient is 
adjusted to provide a temperature which varies from 
900° to 1020°C in the cold end of the tube. In this 
type of experiment, a transfer of 15 g of material is 
effected in the stated time. The crystals, exclusively 
of the rod type, about 0.5 to 1.0 cm long and about 
0.1 mm in diameter, are found about 2 in. from the 
cold end of the tube. This fixes the maximum growth 
temperature at 1090°C. The majority of these crys- 
tals are of the pure hexagonal structure, have sharp 
x-ray diagrams as shown in Fig. 3a, and microscopic 
examination shows a uniform birefringence with no 
evidence of banding, as seen in Fig. 7. The major 
impurities in these crystals are copper at 2 ppm, sili- 


Fig. 5. (a) Precession photograph of true face-centered cubic 
ZnS crystal; (b) Laue photograph of this crystal showing the 
three-fold symmetry and absence of sixfold symmetry. 
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Fig. 6. Furnace used in the experimental work and a typical 
temperature gradient. 


Fig. 7. Photograph of hexagonal crystal in polarized light 
with a quarter wave compensating plate. The crystal shows no 
banding of birefringence. 


con at 7 ppm, and chlorine at 20 ppm. Other cation 
impurities are not detected which limits their indi- 
vidual concentrations to less than 1 ppm.” 

The KC! doped runs require a much steeper gradi- 
ent. These runs have a duration of 7-10 days. The 
initial temperature of the hot zone is 1100°C and is 
increased to 1150°C in a uniform manner for the first 
half of the run and is kept at the higher tempera- 
ture for the remaining time. The cold end tempera- 
ture varies from 550° to 600°C in this time. The 
crystals are generally found within 2 in. of the cold 
end so that the maximum growth temperature is 
800°C. 

The crystals resulting from these runs are thin 
plates from 10 to 200 » thick and have an area which 
varies from 1 mm’ to 1 cm’. The flat faces of these 
crystals are the (111) planes of the cubic system 
and the bounding edges, when they provide good 
reflections, are usually found to be the (110) type. 

2 Cation analyses were performed spectrographically using a d-c 
are technique and the total energy method described by Slavin (7). 
The instrument used was an Ebert Ist order grating spectrograph, 
and the cations analyzed for were: Cu, Ag, Mn, Ni, Pb, Fe. Chlorine 
was analyzed by a nephelometric method which has a precision of 


10%, and potassium was determined by a flame photometer to a 
precision of 20%. 
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Fig. 8. Drawings of typical hexagonal and cubic crystals 
indicating the faces which are found. 


One surface of the crystal, the flat side facing the 
hot end, frequently shows triangular geometrical 
markings. This is illustrated in Fig. 8. The other side, 
the one facing the cold end, usually shows contour 
markings. These markings are strongly suggestive 
of the spiral surface markings reported by Ame- 
linckx (8) and Verma (9) on silicon carbide which 
grows with the same morphology as these ZnS crys- 
tals. We have not, however, seen any individual 
spirals such as these other workers report. The x-ray 
patterns of the majority of these crystals indicate a 
pure cubic structure as shown in Fig. 5a and 5b. 
Chemically, these crystals show the same impurities 
in the same amounts as the pure crystals, except that 
the potassium and chlorine found are generally half 
the amount that had been added to the original 
charge. In all these experiments, the tubes were 
cooled at the rate of 2°C/min to a hot zone tempera- 
ture of 600°C. After annealing at this temperature 
for 15 min, the tubes are removed from the furnace. 

In Fig. 8 there are slightly idealized drawings of 
two typical zine sulfide crystals, both of which are 
pure structural types, as ascertained by x-ray dif- 
fraction. The platelike crystal is cubic face centered 
and shows large (111) type faces on both sides of 
the plate. These (111) planes are broken mainly by 
dodecahedral faces and occasionally by (100) type 
faces. The angular relations between the observed 
faces can arise only from a pure cubic structure. The 
rod-like crystal is hexagonal close packed and shows 
both (10.0) and (11.0) type faces about its trunk. It 
is capped by (10.2) and (10.4) type faces. The cap 
faces when used to calculate the c/a ratio give a 
value of 1.640 which agrees closely with that for 
zine sulfide calculated from x-ray diffraction 
(1.638). A list of the indices of the observed faces is 
given in Table I. 


Discussion 
In both of these types of experiments the essen- 
tial factor appears to be the growth temperature of 
the crystals. Indeed, it appears to be far more critical 
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Table |. Crystal faces 


Crystal b 


Crystal a 
3-Layer 
hexagonal Hexagonal 

Face No. index Cubic index index 
1 00.1 111 10.4 
2 10.4 110 11.4 
3 01.4 101 01.2 
4 11.4 011 11.2 
5 11.2 100 10.2 
6 01.4 141 11.2 
7 11.4 411 10.0 
8 21.0 101 21.0 
9 11.0 011 11.0 
10 12.0 110 12.0 
11 01.0 121 01.0 


for the hexagonal than the cubic crystals. In the case 
of the cubic crystals, the low growth temperature 
is achieved by a combination of the steep gradient 
and the KCI additive. Even though the potassium 
alters the morphology, through using it, the growth 
temperature can be brought so low that the heat of 
condensation cannot raise the temperature of the 
growing crystal above the first transition point. If 
the gradients used are smaller, so that the cold end 
temperature and the growth temperature are higher, 
the resulting crystals are largely of the reversed 
cubic structure and the pure cubic structure is an 
infrequent event. 

The situation with regard to the hexagonal crys- 
tals is, as has been said, more critical. The growth 
temperature has to be confined to a range of about 
200°C. The problem here is made even more com- 
plicated because the rod-like morphology is one in 
which it is more difficult to dissipate the heat of 
condensation. If one tries to keep the growth tem- 
perature low enough to avoid crossing the second 
transition point at 1240°C, it may cross the lower 
one at 1020°C. However, if it turns out that these 
temperature conditions are properly adjusted, struc- 
turally pure hexagonal crystals can be obtained. 


Summary 

In this paper, the types of structure faults com- 
monly encountered in zinc sulfide single crystals 
have been described and discussed. The temperature 
conditions for the growth of structurally pure crys- 
tals of either type have been presented. These can 
be achieved in a chemically pure system for hexa- 
gonal crystals, but the presence of KCl in a concen- 
tration of 0.5-1.0 mole % was helpful in producing 
the cubic crystals described in this work. Lower 
concentrations of KCl were not effective. Finally, a 
model has been presented which helps understand 
why, even though the temperature conditions may 
appear to be satisfied, the resulting crystals may be 
faulted. 
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observed at room temperature in synthetic single crystals of ZnS:Cu. The 
photocurrents are constant with time, not dependent on any previous excitation, 
and linear with intensity. With simultaneous 3650A ultraviolet (UV) and infra- 
red (IR) the resultant photocurrents are less than the sum of the separate UV 
and IR photocurrents as measured independently. The spectral dependence of 
this so-called “quenching” and also of the IR absorption are similar to that of 
the IR photoconductivity (as well as to quenching and stimulation spectra 
reported for ZnS:Cu powder phosphors elsewhere). If each of these is as- 
sumed to arise from the same transition, the quenching phenomenon can be 
interpreted to be an electron-carrier UV photocurrent quenched by a hole- 
carrier IR photocurrent as in a Schoen-Klasens model. Both the IR photocur- 
rent and the IR quenching decrease sharply at low temperatures and appa- 


rently require thermal activation. 


Infrared (IR) quenching of photoconduction 
which has been excited by shorter wave lengths is a 
well-known phenomenon (e.g., 1-5) that is now 
commonly attributed to the injection of minority 
carriers by IR. Most quenching studies have been 
concentrated on CdS (2-4) except for the recent 
work of Broser and Warminsky (5) on fluorescent 
synthetic crystals of ZnS:Cu. The absence of steady 
photocurrents excited by the quenching radiation 
alone has been attributed to the small mobility or 
lifetime of minority carriers in CdS and ZnS (6, 7). 
{Transient stimulation effects have been observed in 
CdS (2-4). IR photocurrents have been found in 
ZnS powder phosphors after previous UV excitation 
(8, 9).] We have found a steady IR photocurrent in 
nonluminescent, synthetic crystals of ZnS:Cu that 
does not depend on previous UV excitation. We have 
studied the wave-length and temperature depend- 
ence of this IR photocurrent, of IR enhancement and 
quenching of 3650A photocurrent, and also the 
room-temperature IR absorption spectrum. These 
results are described below and are compared with 
the work of others on IR quenching of fluorescence, 


' Present address: Physical Research Department, The National 
Cash Register Company, Dayton, Ohio. 


and on excitation of IR emission in ZnS:Cu phos- 
phors. 


Experimental Results 


Description of crystals.—Single crystals of ZnS:Cu 
were deposited from the vapor phase by sublimation 
of unactivated ZnS powder in an atmosphere of 
flowing helium (10,11). They were approximately 
rectangular plates (approximate dimensions of 0.2 x 
0.5 x 1.5 mm) and were colorless, transparent, and 
nonluminescent. They were used as grown, except 
for one larger crystal that was polished into a rec- 
tangular plate for optical measurements. The streak- 
ing of certain reflections in the x-ray rotation dia- 
gram indicated that these crystals have stacking 
faults in the cubic [111] direction, often found in 
synthetic ZnS crystals (12). All of the reflections 
could be indexed on the basis of the cubic cell of 
ZnS. However, the selective streaking of the reflec- 
tions and the optical birefringence of these crys- 
tals indicated that their true symmetry is probably 
rhombohedral (12) and not cubic even though the 
unit cell has three equal sides and all angles 90°. 

From conventional spectrographic analysis, crys- 
tals from the same batch as those studied were found 
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to contain of the order of 10-100 ppm of Cu and no 
other detectable impurity. The ZnS powder from 
which the crystals were grown contained not more 
than 1 ppm of Cu. The increase in Cu concentration 
may have occurred by fractional distillation or by 
furnace contamination. 

Electrical behavior.—A!1 photoconduction meas- 
urements were made in vacuum and with silver 
paste electrodes. 

Photocurrents were obtained with excitation by 
2537A, 3650A, and in two regions of the infrared 
peaking at about 0.65 and 1.35 yw. For all exciting 
wave lengths the photocurrent rose slowly, reaching 
a steady value in about 30 sec and decayed in about 
the same time when the excitation was removed. 
The dark current was usually less than 10 amp 
even at the maximum applied voltage of 1100 v 
(about 10° v/cm) and could be ignored. 

The dependence of these photocurrents on applied 
voltage was ohmic except for small deviations below 
about 10 v. To illustrate these deviations, the lower 
voltage portions of the current-voltage character- 
istics for three different spectral regions and one 
polarity are shown in Fig. 1. (The low voltage de- 
viations are not apparent on the compressed scale 
needed to plot the full characteristic.) The low volt- 
age deviations in the white light curve are typical 
of the largest deviations from ohmic behavior ob- 
served. Most of the measurements were made at 
400 v where the behavior was ohmic. 

Some space-charge polarization was evidenced by 
observable reverse currents on illumination of the 
shorted crystals. However, these were always less 
than 1% of the forward current, even after one or 
two hours polarizing time, and decayed to zero in 
less than 30 sec, leading us to assume that the polar- 
ization effects were small. 

Dependence of photocurrent on light intensity.— 
Four different light sources were used in these 
measurements, a Beckman DU spectrophotometer 
for studies of wave-length dependence, a General 
Electric germicidal lamp for 2537A radiation, a Gen- 


VOLTS (+) 


Fig. 1. Current-voltage characteristics for photocurrents ex- 
cited by various wave lengths. 
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eral Electric EH-4 lamp with a 3650A narrow-band- 
pass filter, and an American Optical Company Model 
370 microscope illuminator for visible and near in- 
frared (white light). The white light source was 
filtered with a Corning No. 2540 filter to pass only 
wave lengths longer than 0.9 » (“far’ IR) or witha 
saturated acid solution of ferrous ammonium sulfate 
(Fe(NH,).(SO,).)—to which a few drops per liter of 
concentrated H.SO, were added to prevent decom- 
position—to pass only wave lengths shorter than 
0.9 » (“near’” IR). The intensities of the light sources 
were varied with neutral Wratten gelatin filters, 
calibrated for the three spectral regions of interest. 
The intensity of 2537A radiation was varied by 
changing the distance between the light source and 
the crystal. 

For all wave lengths longer than the fundamental 
absorption band’ only a linear dependence of photo- 
current on light intensity was found over about four 
orders of magnitude, the range of photocurrent that 
was measurable. Typical photocurrent vs. intensity 
curves for the three spectral regions of interest are 
shown in Fig. 2 (Measurements were not continu- 
ous over the full range so only part of the range is 
shown in the figure.) 

IR photocurrent.—An IR photocurrent that was 
independent of UV excitation and did not decay with 
time was found in all the crystals examined. The 
wave-length dependence of this photocurrent was 
investigated from 0.5 to 2.0 » and typical spectra 
are shown in Fig. 3 (the meaning of the labels 
“quenched” and “enhanced” are discussed in the 
next section). These data have been corrected to 
conditions of isophotonic incident light. The uncor- 
rected spectrum has a peak at about 0.9 » and a 
somewhat smaller peak at 1.35 yw. In the corrected 
spectra the percentage ratio of the 1.35 » peak to the 
0.65 » peak was not constant from crystal to crystal 


and varied from 2 to 13%. 
2From a ro check of the 2537A photocurrent over an in- 
tensity range of about an order of magnitude, a square root de- 


pendence on light intensity was found which is consistent with a 
band gap transition. 
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Fig. 2. Dependence of photocurrent on light intensity for 
various wave lengths. 
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Fig. 3. IR photocurrent spectra: A, “enhanced” crystal; B, 
“quenched” crystal. 


IR absorption.—The relative absorption of several 
crystals was determined from their measured per 
cent transmission, and an absorption peak corre- 
sponding to the first photocurrent peak was found in 
all crystals. The changes in absorption in the vicinity 
of 1.35 uw, however, are very small; hence the second 
peak was resolved in only one specially selected, 
thick crystal that was polished into a rectangular 
plate about 0.6 mm thick. These results are shown 
in Fig. 4. (The peak at shorter wave lengths is not 
shown since the transmission was too small to meas- 
ure below 0.8 » with this thick sample.) The scatter 
in the points is indicative of the fact that we were 
working at the limit of our precision in these meas- 
urements. (Since the present authors reported this 
work at the ECS Meeting in New York in 1958, Hal- 
sted, Apple, and Prener (13) have verified these ab- 
sorption data.) 
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Fig. 4. IR absorption spectrum 
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Effect of IR on the UV Photocurrent.—In all crys- 
tals IR produced the photocurrents described in the 
previous section. In some crystals the UV photocur- 
rent was quenched by IR and in some enhanced. 
(“Quenched” crystals also showed enhancement 
when the UV photocurrent was smaller than the IR 
photocurrent.) In all crystals, however, the photo- 
current excited by simultaneous UV and IR was al- 
ways less than the sum of the UV and IR photocur- 
rents as measured separately. Since all photocur- 
rents depended linearly on intensity, linear super- 
position should have occurred unless some recom- 
bination quenching was taking place. We concluded 
that quenching was occurring in all crystals and 
could be measured in “enhanced” crystals as well 
as “quenched” crystals by subtracting the contri- 
bution of the simultaneously excited IR photocur- 
rent. The per cent IR quenching was defined as 


% quenching = [I, — (1..,—I,)/I.] X 100 [1] 


where I, is 3650A UV photocurrent,’ I, is IR photo- 
current, and I,,, is photocurrent excited by simul- 
taneous UV and IR. It is readily seen that if I, is 
small compared to I,,,, Eq. [1] reduces to the usual 
expression for quenching. Enhancement is defined 
in the usual way as 


% enhancement = x 100 [2] 


We studied the wave-length dependence of both 
IR quenching and enhancement. Typical quenching 
spectra, one for a “quenched” crystal and one for 
an “enhanced” crystal, are shown in Fig. 5 and an 
enhancement spectrum is shown in Fig. 6. The iso- 
photonic correction has been applied to these spec- 
tra, also. Special care was taken to restrict the meas- 
urements to an intensity range for which I,,, was 

SIR has the same effect on the 2537A photocurrent as on the 
3650A photocurrent. The former was not studied in detail to avoid 


the complications introduced by the simultaneous excitation of both 
electrons and holes by 2537A radiation. 
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Fig. 5. Spectral dependence of IR quenching of 3650A UV 
photocurrent: A, “enhanced” crystal; B, ‘“quenched” crystal. 


| | 
| 
so 
° 
° 
30 
% 
< 
i 
i. 209090900 
° 
° 
° 
a ° 
° 
+ 
4 


° 0% 
oo? 


Lo 
d (MICRON) 


Fig. 6. Spectral dependence of IR enhancement of 3650A 
UV photocurrent. 


linear with intensity (which was not true in general) 
so that this linear correction could be applied. This 
was not realizable for wave lengths shorter than 
about 0.74. This nonlinearity at shorter wave 
lengths had an effect on the shape of the spectra 
which will be discussed in a later section. 

Temperature dependence of IR sensitivity.—Both 
the IR photocurrent and the IR quenching were found 
to require thermal activation. Temperature meas- 
urements were made with an iron-constantan ther- 
mocouple located adjacent to the crystal. (Since the 
crystals were too small to attach the thermocouple 
directly to them, the true temperature could have 
differed somewhat from the measured temperature. ) 
At —160°C I, was too small to measure (< 10“ 
amp) and there was no IR quenching of I, even 
with the relatively high intensity of the white light 
source. At —130°C quenching was observable but 
too small to measure, and I, could only be observed 
in the neighborhood of the 0.65 peak. I, at —130°C 
is shown in Fig. 7. For comparison, the room-tem- 
perature spectrum for the same crystal is also 
shown. Since the relative peak heights in the cor- 
rected spectra may be misleading, it should be noted 
that the intensity distribution of the source actually 
favored the 1.354 peak. In the actual room tem- 
perature measurements the 1.354 photocurrent was 
of the same order of magnitude as the 0.65u photo- 
current (measured peak at 0.94). At —130°C the 
1.35 photocurrent was four orders of magnitude 
smaller than at room temperature and barely meas- 
urable, whereas the 0.654 photocurrent was re- 
duced by only a factor of about four. Quenching 
effects and the 1.354 photocurrent became meas- 
urable at —100°C. 

Since the slow rise and decay of photocurrent 
indicated the possible existence of a high density 
of shallow traps in these crystals, thermally stimu- 
lated current measurements were made to obtain 
information about such traps, if present. No ther- 
mally stimulated current peaks were found even 
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Fig. 7. Spectral dependence of IR photocurrent at —130°C 
(room temperature spectrum shown for comparison). 


after several hours of UV or IR excitation at low 
temperatures. In all cases, however, a reproducible, 
thermally activated, dark current was observed on 
heating to about 150°C. A rough determination gave 
an activation energy of 1.3 ev. This current was 
completely independent of IR or UV excitation at any 
temperature (even several hours of low temperature 
excitation had no effect), a result that led us to the 
tentative conclusion that these were ionic currents. 
Recent results of others, discussed in a later section, 
indicate that this conclusion is false. 


Discussion of Results 

In the nonluminescent ZnS:Cu crystals studied, 
we have found that IR excites a steady photocurrent, 
independent of any previous UV or IR excitation, 
and having the same spectral dependence as the IR 
quenching and enhancement of 3650A photocurrent, 
and as the IR absorption (Fig. 3-7). Similar spectra 
have been reported for IR quenching of fluorescence 
(8,9) and excitation of IR emission (14) in ZnS:Cu 
phosphors. These results, ours and others, point to 
the conclusion that all of these phenomena arise 
from the same IR induced transitions. We propose, 
as have others, that these transitions are best rep- 
resented in an energy band model of the Schoen- 
Klasens type [e.g. ref (19)].‘ This implies, in ac- 
cordance with Kroeger’s Hall effect measurements 
(17)° and some recent Russian work (16), that the 
3650A UV photocurrent in ZnS:Cu is electronic in 
nature and also that the IR photocurrent in the same 
phosphor is a hole current. The effect of IR on the 
UV photocurrent will be either enhancement or 
quenching depending on whether or not the addi- 


*The Lambe-Klick (15) model cannot be conveniently applied 
since in that picture fluorescence quenching and photocurrent 
quenching arise from different transitions, unless two sets of dis- 
= with coincidentally identical activation energies are 
postulated. 


6 The fact that Kroeger’s measurements were on ZnS:Cl crystals 
and ours on ZnS:Cu is probably not significant. Many activators 
produce a long wave-length UV absorption in the neighborhood of 
3650A which has led Klasens (19) to ascribe this absorption to lat- 
tice states perturbed in energy by the presence of the activator or 
by equivalent vacancies produced by a co-activating impurity. 
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Fig. 8. Comparison of the spectral dependence of IR photo- 
current with IR quenching of 3650A UV photocurrent; upper 
curve, IR photocurrent; lower curve, IR quenching. 


tional hole carriers are of greater or lesser impor- 
tance than the decrease of electron carriers by re- 
combination with holes. 

The model assumed in this paper was suggested 
by that postulated by Dropkin and Goldstein (9) for 
IR quenching in the ZnS:Cu:Co:Cl phosphor. In 
their model IR excites holes from excited Cu lumi- 
nescent centers to two discrete states lying near the 
valence band. These holes are then thermally ex- 
cited into the valence band and recombine with 
quenching centers or other hole traps.* 

We have claimed above that the IR photocurrent 
spectra and the IR quenching or enhancement spec- 
tra are identical. However, there are minor differ- 
ences between these spectra. One spectrum of each 
type is shown in Fig. 8 for comparison. The band- 
widths of the shorter wave-length peaks in the 
photocurrent spectra are all about 30% greater than 
the corresponding bandwidths in the quenching spec- 
tra. We considered the possibility that this differ- 
ence was caused by superposed electron currents. 
If this were so, the enhancement spectrum should be 
the same as the photocurrent spectrum. This is not the 
case, The enhancement spectrum shown in Fig. 6 has 
the same shape as the quenching spectra within ex- 
perimental error. (There are small differences in the 
location of the shorter wave-length peak arising 
from the application of a large isophotonic correc- 
tion to the small differences between I, and I,,, in 
this region of the spectrum.) This bandwidth differ- 
ence appears to have resulted from our application 
of a linear isophotonic correction to the quenching 
and enhancement spectra which actually had a com- 
plex sub-linear dependence on intensity below about 
0.7. I, was linear at all wave lengths, and therefore 
the photocurrent spectra have a different shape from 


* Meijer (18) has proposed a similar model for IR fluorescence of 
ZnS:Cu phosphors. 
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the quenching and enhancement spectra. There is no 
difference in the bandwidths of the longer wave- 
length peaks where linearity obtained in all cases. 

The temperature dependence we have found is in 
good agreement with the results of Dropkin and 
Goldstein. Broser and Warminsky (5), however, find 
that only the 1.35y band requires thermal activation. 
We do not know the reason for this discrepancy, 
but it is not uncommon to find differences in be- 
havior in the same phosphors prepared in different 
ways. Their crystals were luminescent and therefore 
were not the same, chemically, as ours. For example, 
they find the well known 1.2» stimulated lumines- 
cence at 77°K, and also an accompanying 1.2» photo- 
current (also observed by Dropkin and Goldstein). 
There was no sign of this 1.2u sensitivity in our 
crystals, at any temperature. 

The thermally activated dark current that we ini- 
tially attributed to ionic conductivity had about the 
same activation energy as the p-type conductivity 
recently reported by Potter and Aven (20) for 
ZnS: Cu crystals. Klasens (21) has pointed out that, 
if the Fermi level in our crystals was low enough, 
p-type conductivity with this activation energy 
might be expected and previous excitation would 
have little or no effect 

It is worthwhile at this point to speculate about 
the nature of the Cu impurity in our crystals which 
seem to have had some special properties. We would 
expect from the conditions of preparation that the 
Cu in our crystals was largely uncompensated. Un- 
compensated Cu in ZnS should exhibit properties 
similar to excited Cu centers in luminescent ZnS, 
such as we have observed. The same IR sensitivity 
which we have observed has been found by others 
in ZnS:Cu phosphors (8, 9, 14, 22) but only after UV 
excitation. [Kastner, Potter, and Aven (23) have 
found a similar IR reflectance without excitation in 
phosphors with some uncompensated Cu.] To ob- 
serve the steady IR photocurrents that we have 
found, without excitation, it seems clear that the Cu 
impurity must be largely uncompensated. The 3650A 
absorption in our crystals, however, must be as- 
sociated with some compensated Cu or possibly with 
accidentally coactivated Zn vacancies. 

We have found no satisfactory explanation of the 
linear intensity dependence of the 3650A UV and IR 
photocurrents in these crystals. Strong trapping as a 
possible hypothesis was investigated, but the only 
evidence we have found is the slow rise and decay 
time of the photocurrents. 

Finally, our observation of a hole-carrier photo- 
current does not necessarily mean that the hole mo- 
bility is larger than it has been thought to be in the 
past; strong trapping could have resulted in a large 
enough effective lifetime for low mobility hole cur- 
rents to be observable, if the traps were shallow. 


Summary of Results and Conclusions 


Nonluminescent single crystals of ZnS:Cu have 
been shown to exhibit the same IR sensitivity that 
is normally associated with excited ZnS:Cu phos- 
phors. IR quenching of UV photocurrent, IR ab- 
sorption, and a steady IR photocurrent that does not 
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require previous UV excitation have been shown to 
have the same spectral dependence. This IR photo- 
current is a new phenomenon in ZnS that has not 
previously been reported. We have interpreted it to 
be a hole-carrier photocurrent in accordance with a 
Schoen-Klasens model. 
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Some Optical Properties of Powder and Crystal 
Halophosphate Phosphors 


P. D. Johnson 


Research Laboratory, General Electric Company, Schenectady, New York 


ABSTRACT 


Diffuse reflectivity and excitation spectra of powder and optical absorption 
of synthetic single crystal halophosphate phosphors have been determined in 
the spectral region 1100-3000A. Intrinsic optical absorption by the host lattice 
begins at approximately 1500A in fluoroapatite and 1570A in chloroapatite. Ab- 
sorption in bands of manganese in fluoroapatite at 1600, 1750, and 2150A results 
in luminescence in the absence of antimony. Absorption due to antimony lies 
between 1600 and 2900A. The preparation and some optical properties of syn- 


thetic single crystals are described. 


Until recently, fundamental investigations of op- 
tical and electrical properties of the commercially 
important oxygen-containing phosphors have been 
impeded by their chemical and crystallographic 
complexity, the unavailability of single crystals of 
many of them, and the general lack of understand- 
ing of mechanisms of luminescence in inorganic 
solids. In recent years the understanding of the 
optical and electrical properties of ionic and covalent 
inorganic phosphors such as the alkali halides and 
the II-VI compounds has progressed to the point 
where a study of the more complex phosphors prom- 
ises to be fruitful. For this work we have selected 
the halophosphate phosphors having the structure 


and composition of apatite, 3[Ca,(PO,).] - CaX, 
where X is F or Cl or a mixture. 

Most of the measurements reported here were 
made on powder phosphors containing manganese 
and antimony separately and together and on un- 
activated halophosphates. From diffuse reflectivity 
and excitation spectra of these powders we have 
determined the energies at which intrinsic optical 
absorption of the host crystals takes place, as well 
as the energies of transitions characteristic of the 
activators, manganese and antimony. These data- 
have been supplemented by spectral transmission 
measurements on synthetic crystals whose prepara- - 
tion is described. 
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Experimental 

The powder phosphors were made by usual com- 
mercial procedures at the General Electric Chem- 
ical Products Plant. Although most of the work 
has been on fluorophosphates, some data have been 
obtained on chlorophosphates, on 0.3 chloro-0.7 
fluorophosphates, and on fluorophosphates with 
90% of the stoichiometric amount of CaF,. The 
unactivated powders have luminescent efficiencies 
less than 1% of the deliberately activated phosphors 
and thus probably contain of the order of 10 ppm of 
Sb and Mn. 

Activated halophosphates can be fused in air, CO., 
or nitrogen in Pt-Rh alloy crucibles for brief periods 
with retention of the luminescence characteristics 
of the original phosphor powder. The melting points 
of both the chloro- and fluorophosphates are ap- 
proximately 1650°C. Without seeding, the melts 
tend to supercool, as much as 300°C below the melt- 
ing point in the case of the pure fluorophosphate. 
Crystals can be grown by slow cooling of the melt 
accompanied by seeding at the appropriate temper- 
atures. In some cases small hexagonal single crys- 
tals up to 2 mm long and 0.3 mm across are obtained, 
slightly larger than crystals made by Hayek and 
his co-workers (1) by a hydrothermal method. In 
addition, nearly clear polycrystalline pieces up to 
3 x 5 x 8 mm in dimensions are obtained. These 
latter pieces have been used for optical transmission 
measurements. 

More recently, by using the Kyropoulos method, 
pulling with a Pt-20% Rh rod from a melt in an 
induction heated Ir crucible, crystals of fluorophos- 
phate up to 5 cm long and 1 cm in maximum diam- 
eter have been made. Some pieces cut from a single 
boule are shown in Fig. 1. Opalescent inclusions 
along the center of the boule and straining and 
cracking of the crystals are minimized by suitable 
radiation shielding, limiting the diameter of the 
boule to about 6 mm or less, and using pulling rates 
of less than 10 mm/hr. Large crystals of chloro- 
phosphate have not been made since considerable 
loss of CaCl, occurs at the melting temperature. 

Unactivated, nearly stoichiometric, crystals of 
fluorophosphate are water white. Manganese can be 
introduced easily by incorporating it into the melt. 
Antimony is difficult to introduce during growth 
because of volatilization of the oxide and segrega- 


Fig. | 
single crystals cut from a single crystal boule. 


Photograph of synthetic calcium fluorophosphate 
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tion preferentially into the melt. The luminescence 
of activated single crystals is polarized, with the 
electric vector mainly parallel to the crystal optic 
axis. 

X-ray powder diffraction patterns of synthetic 
fluorophosphate crystals are identical to that of a 
natural crystal from Durango, Mexico, and the line 
positions and intensities agree within the accuracy 
of observations with the published (2) values for 
apatite. One cannot be assured that the crystals are 
stoichiometric since the apatite diffraction pattern 
is found in nonstoichiometric samples (3). It is possi- 
ble to detect the strongest diffraction line of a-calcium 
orthophosphate in the powder diffraction pattern of a 
polycrystalline boule grown at a rate of greater than 
5 em/hr from a melt of 3[Ca,(PO,).] - ~0.95(CaF.). 
The difficulty of obtaining perfect stoichiometric 
crystals is emphasized by the fact that color centers 
are introduced by x-ray irradiation. The observed 
color depends on the stoichiometry of the melt. In 
some cases the x-rayed crystals are dichroic, ab- 
sorption occurring when the electric vector of the 
incident radiation is parallel to the optic axis of the 
crystal. 

The optical measurements were made with a 1-m 
normal incidence grating vacuum monochromator 
(4). Powder reflectivity and excitation spectra were 
made using plaques of standardized size, 2/3 mm 
thick at 45° incidence. The relative output of the 
monochromator as a function of wave length was 
determined using as the detecting phosphor sodium 
salicylate, which has uniform quantum efficiency 
as a function of wave length in the spectral region 
under study up to 3000A. Reflectivity at wave 
lengths from 2000 to 4000A was determined rela- 
tive to MgO. The output of the monochromator was 
compared to the reflected intensity from 1100 to 
3000A. By matching the curves in the overlapping 
spectral region from 2000 to 3000A reflectivity could 
be determined from 1100 to 4000A. Suitable filters 
were placed at the exit slit to eliminate other than 
first order spectra during the measurements at 
longer wave lengths. 


Results and Discussion 


The diffuse reflectivities of fluorophosphate and 
chlorophosphate powders with no _ deliberately 
added impurities show an abrupt decrease with de- 
creasing wave length at about 1500A in the fluoro- 
phosphate and about 1570A in the chlorophosphate, 
as shown in Fig. 2. The reflectivities do not change 
significantly in the wave-length region 1100-1500A. 
It can be calculated (5) that the absorption in this 
region of low reflectivity is greater than 2000 cm”. 
Since this absorption intensity cannot be accounted 
for by the impurities known to be present, it is con- 
cluded tentatively that intrinsic optical absorption 
begins at 7.9 ev in chlorophosphate and at 8.2 ev in 
the fluorophosphate. A sample with 0.7 CaF, and 
0.3 CaCl, has intrinsic absorption beginning at ap- 
proximately 8.1 ev. Preliminary normal incidence 
specular reflectance measurements on both synthetic 
and natural crystals of fluorophosphate show an in- 
crease in reflectance in the neighborhood of 1500A 
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Fig. 2. Diffuse reflectance of choro- and fluorophosphate 
powders with no deliberately added activators. 


rising to a peak at 1320A and another peak at 1180A, 
confirming the conclusion that electronic transitions 
of the host lattice are responsible for absorption 
above 8.2 ev. 

It is less certain that the absorption bands at 
1900A in the fluorophosphate and 2000A in the 
chlorophosphate are intrinsic. The optical absorption 
of a synthetic fluorophosphate crystal, shown in 
Fig. 3, reaches 200 cm™ at 1900A. This value may be 
accounted for by transition or heavy metal impur- 
ities which are present in a molar cation concentra- 
tion of up to 2 x 10~. The absorption is not due to 
departure from stoichiometry since the reflectivity 
of 3[Ca,(PO,).] - 0.9[CaF.] at 1900A is not signifi- 
cantly different from stoichiometric material. 

The effect of adding Mn and Sb, the activators 
most commonly used in halophosphate lamp phos- 
phors, on the diffuse reflectivity of fluorophosphate 
is shown in Fig. 4. Manganese alone depresses the 
reflectivity in three unresolved bands at 1600, 1750, 
and 2150A (see also Fig. 6). This absorption is prob- 
ably due to divalent Mn. Strong absorption in this 
spectral region by divalent Mn has been found in 
Mnf, films (6) and in ZnF.:Mn crystals (7). Slight 
depressions of reflectivity in the Mn-activated sam- 
ples at wave lengths longer than 2500A and extend- 
ing into the visible are probably due to Mn in higher 
valence states. Less than the stoichiometric amount 
of Ca in the host lattice of samples with Mn as the 
only activator tends to suppress these longer wave- 
length bands. 
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Fig. 3. Optical absorption of synthetic calcium fluorophos- 
phate crystal. 


Fig. 4. Diffuse reflectance of calcium fluorophosphate 
powders with and without added activators. 
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Fig. 5. Excitation spectra of 3[Cas(PO,)2]-CaFs:Sb, Mn 
powder. Solid line, antimony emission; dashed line, manga- 
nese emission. 
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Trivalent Sb introduces a broad absorption ex- 
tending from the intrinsic absorption at 1500A to 
about 3000A. The reflectivity of samples containing 
Sb and no Mn is the same as that shown in Fig. 4 for 
a sample containing both activators. There is some 
structure in the depression of reflectivity due to Sb 
in the spectral region from 1600 to 2600A which is 
too small in amplitude to show up in Fig. 4. The 
differences in reflectivity in the fundamental ab- 
sorption region result from the larger particle size 
of the activated powders. The maximum absorption 
due to Sb is at least 2000 cm™ in samples with ap- 
proximately 1% Sb. It should be noted that the re- 
flectivity at 2537A, where the principal excitation 
in fluorescent lamps takes place, is appreciably higher 
than at the minimum. The absorption at this wave 
length is of the order of 1000 cm”. Reflectivity spec- 
tra of chlorophosphates differ very little from those 
shown for the fluorophosphates either in intensity or 
wave length. 

The excitation spectrum of calcium fiuorophos- 
phate containing both Sb and Mn is shown in Fig. 5, 
where emission intensity divided by excitation in- 
tensity is given as a function of wave length of ex- 
citation. The solid line is the excitation spectrum for 
the blue Sb emission, with 3 mm of Pyrex and a 
Corning 5030 filter between the phosphor and the 
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Fig. 6. Excitation and reflectance spectra of calcium 
fluorophosphate activated by manganese alone. 


RCA 5819 photomultiplier, and the dashed line is 
the excitation spectrum for the red Mn emission, us- 
ing Pyrex and a Corning No. 3480 filter. The excita- 
tion spectrum of fluorophosphate containing Sb and 
no Mn is the same as that shown for the Sb emission. 

The structure mentioned in connection with the 
reflectivity spectra is clearly in evidence in the ex- 
citation spectra. This strongly resembles the struc- 
ture in the absorption of Sn” in alkali halides (8). 
Trivalent Sb and divalent Sn are isoelectronic, and 
in both phosphors the activator is substituted for a 
cation of one less positive charge. Thus, except for 
the difference in crystal symmetry, similar behavior 
might be expected in the two cases. The principal 
difference is in the energy range included in the 
spectra. The excitation peaks of Sb” in calcium 
fluorophosphate include energies from 4.6 to 8 ev, 
whereas the six absorption peaks of Sn” in KCl 
range only from 4.3 to 5.5 ev. The separation of the 
*P,’ and *P,’ states of the 5s5p configuration differs 
by less than 15% in the free Sn” and Sb” ions. If it 
is postulated, by analogy with the identification of 
transitions of Tl’ in KCI (9) that the excitation and 
absorption bands of Sn” and Sb” result from transi- 
tions from the 'S, to the *P® and ‘P® states as modi- 
fied and split by the crystal interactions, a similar 
range of transition energies might be expected in 
the two cases. That the actual ranges differ so much 
may be due in part to the anisotropy of the crystal 
field of the fluorophosphate lattice. There is of 
course some question as to the validity of interpret- 
ing spectra in this phosphor on the basis of the tight 
binding approximation. 

Although transfer of energy from Sb to Mn takes 
place upon excitation in all of the bands of Sb, there 
is no evidence for the reverse transfer. The fact that 
excitation of Mn at 1600A is relatively more effec- 
tive as compared to some of the other bands may 
be attributed to direct excitation of the Mn as will 
be seen subsequently. 

As might be expected from the reflectivity spectra, 
excitation of both emission bands is less effective 
at 2537 than at 1850A. Excitation at 1850A results 
in more effective excitation of Sb as compared to 
manganese than excitation by 2537A in the fluoro- 
phosphate. Thus, modification of the 1850/2537 in- 
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tensity ratio in fluorescent lamps is expected to have 
at least a minor effect on the color of luminescence. 

Excitation in the spectral region of host lattice ab- 
sorption does not result in efficient luminescence in 
either the Mn or Sb emission bands. The decrease in 
efficiency is so abrupt that it cannot be due to the 
increase in specular reflectivity near the funda- 
mental absorption edge. Energy transfer from host 
lattice to activator is less efficient than de-excitation 
at sites other than the activators, possibly surface 
states. 

Manganese emission may be excited in the ab- 
sence of Sb by radiation in the wave-length re- 
gion of Mn absorption as shown in Fig. 6. The three 
unresolved minima in reflectance are at the same 
wave lengths as the three excitation maxima. Ac- 
tually it is only in the excitation spectrum that the 
1600A band of Mn” is observed unobscured by host 
lattice or antimony absorption. 


Conclusions 


Absorption and excitation spectra characteristic of 
calcium halophosphate host lattice and of the ac- 
tivators Mn and Sb have been investigated in the 
spectral region 1100-3000A. The host lattices have 
forbidden energy gaps of approximately 8 ev. Di- 
valent Mn shows strong absorption from 5.5 to 8 ev 
and trivalent Sb from about 4.5 to 8 ev. 

Large single crystals of the halophosphates can 
be grown from the melt. The study of polarized 
luminescence, dichroic optical absorption, and other 
optical and electrical properties of these crystals 
should make possible the elucidation of the lumines- 
cent mechanisms occurring in this important class of 
phosphors. 
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Study of Copper Precipitation Behavior 
in Silicon Single Crystals 


G. H. Schwuttke 


General Telephone & Electronics Laboratories Inc., Bayside, New York 


ABSTRACT 


The precipitation behavior of copper in silicon single crystals containing 
different amounts of oxygen has been investigated within the temperature 
range of 900°-1300°C. Precipitation which occurs during the cooling period on 
structural defects and at random sites throughout the bulk crystal has been 
detected by infrared transmission microscopy. The shape and crystallographic 
relationship of the precipitate as related to the silicon matrix was determined. 
The reliability of the method of copper decoration for the determination of low 
dislocation densities in the presence of oxygen was investigated by comparing 
copper decoration pictures with x-ray diffraction photomicrographs. 


Dislocations in silicon can be investigated effec- 
tively by the copper decoration method as intro- 
duced by Dash (1). In applying this method to the 
study of imperfections in Si we have found that the 
precipitation behavior of Cu is strongly influenced 
by the presence of imperfections and impurities. 
Therefore specific investigations were conducted to 
clarify: (a) influence of impurities on Cu decoration 
of dislocations; (b) reliability of dislocation counts 
by means of Cu decoration, especially in the pres- 
ence of impurities; (c) shape of the precipitate; and 
(d) crystallographic relationship of the precipitate 
to the matrix. 

The results of these investigations are reported in 
this paper. 

Experimental set-up.—To observe precipitation 
in Si an infrared microscope was assembled similar 
to the one described by Deutschbein and Bernard 
(2). The basic part of our set-up is a Reichert mi- 
croscope Type Me F. The eyepiece of the microscope 
was replaced by a snooperscope tube. An infrared- 
sensitive videcon tube, Type Resistron,” was 
mounted in place of the 35-mm attachment of the 
microscope. The snooperscope eyepiece was used for 
low magnification. The videcon was used in connec- 
tion with a closed circuit TV for higher magnifica- 
tion. The advantage of the TV camera is essentially 
its high magnification factor which allows the use 
of a low-power objective for better contrast. Photo- 
micrographs presented in this paper were taken by 
photographing either the snooperscope or TV screen. 
This procedure was more convenient than using in- 
frared sensitized plates. 

Specimen preparation.—The standard decoration 
procedure was to place a few tiny drops of copper 
nitrate solution on the sample surface and to diffuse 
at temperatures varying from 900° to 1300°C for 
about 1 hr. Samples were quenched to room tem- 
perature either fast within a few seconds by drop- 
ping them on a cold surface or slowly up to a few 


1 Supplied by Physikalische Werkstaetten, Professor Heimann, 
Wiesbaden-Dotzheim, Germany. 


minutes by leaving them in the quartz boat after re- 
moval from the furnace. After diffusion the samples 
were ground to a thickness of 1 mm and highly 
polished. 


Survey of Precipitation Behavior of Copper 

Precipitation is observed after diffusion of Cu into 
Si crystals at higher temperatures and subsequent 
cooling to room temperature. The precipitation oc- 
curs entirely during the period of cooling. The 
amount of precipitation depends on diffusion tem- 
perature and cooling rate. 

To investigate the influence of impurities on the 
precipitation behavior of Cu, high-purity crystals of 
approximately 2,000 ohm-cm resistivity grown by 
the floating zone method were compared with crys- 
tals of low resistivity containing different amounts 
of oxygen. 

Figure 1 shows part of a dislocation line as ob- 
tained by the decoration of a crystal of high-purity, 
p-type, 2000 ohm-cm resistivity, grown in the float- 
ing zone. Copper was diffused at 900°C for 1 hr 


Fig. 1. Part of a decorated dislocation line in a silicon 
crystal of high purity, p-type, 2000 ohm-cm. Magnification 
1500X; all magnifications in this paper are before reduction 
for publication. 
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Fig. 2. Part of a decorated dislocation line in a silicon 
crystal containing oxygen, p-type, 30 ohm-cm. Magnification 
1500X. 


after which the crystal was quenched to room tem- 
perature within a few seconds. The dislocation den- 
sity in this crystal, as measured by counting etch 
pits, was 10°/cm’. The Cu has precipitated in needles, 
which point in <110> directions. The needle size is 
approximately 20-30u. Remarkable for this type of 
crystal is the well-defined needle shape of the pre- 
cipitate, their orderly arrangement along the lines, 
and the fact that no other precipitation is found 
elsewhere in the crystal. Higher diffusion tempera- 
ture and slower cooling rates do not produce any 
marked changes in the precipitation picture for this 
type of crystal. 

In crystals of lower purity, considerable differ- 
ences can be observed. In addition to decorated dis- 
location lines, precipitation in isolated spots is found. 
Changes in diffusion temperature and cooling time 
have a pronounced influence on the precipitate. The 
shape of the precipitate along dislocation lines as 
well as in isolated areas can take a variety of com- 
plicated forms. Figure 2 represents part of a dec- 
orated dislocation line in a p-type crystal of 30 ohm- 
cm resistivity containing 4 x 10” atoms oxygen per 
cm’. Copper was diffused at 900°C for 1 hr and the 
sample was quenched to room temperature within 
seconds. The line is decorated by a row of composite 
structures which look like crosses built up of needles. 
A cloudy structure around and between the crosses, 
more or less pronounced, can be observed also in the 
original, which does not show up in the photo due 
to lack of contrast. In comparison, a heavily dec- 
orated dislocation line is shown in Fig. 3 as obtained 
in a similar crystal of slightly higher oxygen con- 
centration; this time Cu was diffused at 1200°C and 
the cooling rate was 1 min. Due to the slow cooling 
rate, the dislocation line is heavily decorated with 
rather large deposits. The size of the precipitate in 
this case is approximately 300y while in Fig. 2 it is 
approximately 20-30,. 

Broad dislocation lines, approximately 50y wide, 
of the type shown in Fig. 4 are also found in these 
crystals. At lower magnification this type looks like 
a broad straight line; at higher magnification, as 
shown in Fig. 4, it appears to have the form of a 
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Fig. 3. Part of decorated dislocation line in a silicon crys- 
tal containing oxygen, p-type, 30 ohm-cm. Magnification 
250X. 


Fig. 4. Decorated dislocation line in silicon containing 
oxygen. This type was observed only on {111} planes, in 
<110> directions. Magnification 250X. 


hollow cylinder. Since this type is always found on 
{111} planes in <110> directions, we assume that 
it is a decorated screw dislocation. 

There is also precipitation at random sites 
throughout the bulk of the crystal. If diffusion is 
done at lower temperature, 900°-1000°C and the 
crystal is quenched within seconds to room tempera- 
ture, the deposits are of the order of 10, in size and 
have simple needle shape or structures which look 
like crosses built from needles. If diffusion is done at 
high temperature up to 1300°C and the crystals are 
cooled slowly, within 2 min, the deposits will grow 
in size. An extreme size of 1 mm is not unusual to 
observe. Such needle structures are shown in Fig. 5. 
Copper was diffused at 1300°C and the sample 
quenched to room temperature within 1 min. The 
plane of observation is a {100} plane. The needles 
point in <110> directions. 

In addition to these simple forms more complex 
structures are frequently observed. Figure 6 shows 
a deposit found quite often in areas of high oxygen 
concentrations. The striking characteristic of these 
precipitates is the pronounced structure of spines 
in various <110> directions. Size and development 
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Fig. 5. Composite structure of copper precipitate in Si built 
up of needles in {100} planes, quenched from 1300°C. Mag- 
nification 100X. 


Fig. 6. Close up of a copper precipitate in silicon. Mag- 
nification 750X. 


of these deposits is very much dependent on diffu- 
sion temperature and cooling rate; higher tempera- 
tures and slower cooling rates produce larger de- 
posits. Decorated dislocations made up of the same 
structures have also been observed. This is shown in 
Fig. 7. There tends to be a dearth of precipitation in 
the direct vicinity of structures shown in Fig. 6 as 
well as around dislocations like those shown in 
Fig. 7. Therefore, we assume that these precipitates 
are nucleated on impurity clusters, in this case 
probably SiO, clusters which have precipitated 
along dislocations or at random sites during the 
growth process. The observation that dislocations 
introduced into the crystal by deformation show 
simple needle shaped precipitates along dislocations 
after decoration, which is typical for pure crystals, 
confirms this assumption. The depletion effect ob- 
served around grown-in dislocations has an inter- 
esting implication. It suggests a method for the 
formation of p-n junctions around a crystal defect 
by precipitating the proper impurity. The feasibility 


Fig. 7. Rows of decorated dislocations. Area between dis- 
locations is free of precipitates. Magnification 100X. 


Fig. 8. Plate-like precipitate observed in {100} plane. 
Magnification 100X. 


of such a method was demonstrated (3) quite re- 
cently by precipitating aluminum in phosphorus 
doped silicon. 

In addition to these needle structures, a plate- 
like precipitate was also observed in crystals of low 
resistivity. The plates are very thin and grow only 
in {100} planes in <100> directions. Figure 8 shows 
an example. Because the needle form is also devel- 
oped in the {100} planes in <110> directions com- 
posite structures can be observed where the needles 
bisect the angle between the plates. Since the pre- 
cipitate can form three-dimensional structures, often 
only the projection of the real form into the plane 
of observation is seen. If this plane is chosen to be a 
{100} plane, a pattern of fourfold symmetry (cross) 
is seen. If the plane of observation is a {111} plane, 
the pattern is a projection of the precipitate into this 
plane and exhibits threefold symmetry as in Fig. 9, 
which shows a combination of plate-like and needle- 
like precipitate into a star pattern. 

Silicon crystals which are rotation grown in a 
quartz crucible exhibit microsegregation of oxygen. 
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Fig. 9. Composite structure as seen in {111} planes. Plate- 
like and needle-like precipitate forming star pattern. Mag- 
nification 100X. 


Fig. 10. Copper decorated oxygen layers in a crystal show- 
ing microsegregation of oxygen. Magnification 100X. 


The oxygen segregates in planes perpendicular to 
the growth direction. A wafer was cut from such a 
crystal, parallel to the growth direction, and then 
copper was diffused at 900°C. Figure 10 is a picture 
of such a crystal. The oxygen stripes appear heavily 
decorated with Cu. No decorated dislocation lines 
are observed in the areas between the growth rings. 
This could mean that the crystal is dislocation free 
in these areas, which is improbable if Tiller’s model 
(4) of crystal growth is valid. This model requires 
a dislocation density of at least 10°/cm*, due to mi- 
crosegregation of impurities. Alternatively, one 
might assume that oxygen inhibits the decoration 
mechanism in these areas. 

To clarify this situation we investigated this effect 
by means of x-ray diffraction microscopy, using the 
moving crystal-film method described by Lang (5). 
The investigations were conducted in crystals show- 
ing homogeneous distribution of oxygen and in crys- 
tals exhibiting microsegregation of oxygen. Figure 
11 represents a crystal area containing 5 x 10" atoms 
of oxygen/cm’® decorated by Cu. The lines are dec- 
orated dislocation lines. Figure 12 shows an x-ray 
image of the same crystal area obtained before Cu 
decoration. The white trails are dislocation lines. A 
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Fig. 11. Decorated dislocations in silicon containing 5 x 
10” atoms oxygen per cm*. Magnification 28 X. 


Fig. 12. X-ray image showing dislocation lines in the same 
crystal as Fig. 11 before copper decoration. Crystal contains 
5 x 10” atoms oxygen/cm*. Magnification 20X. 


1:1 correspondence between the dislocation lines in 
both figures can be established. 

An x-ray image of a crystal area containing oxy- 
gen stripes is represented in Fig. 13. Here also good 
agreement is found with the Cu decorated sample as 
shown in Fig. 10. No dislocation lines are visible; 
therefore we have to conclude that the crystal in this 
area is really dislocation free and that Tiller’s model 
is not valid for this case. 


Conclusions 

The precipitation behavior of Cu in Si single crys- 
tals is influenced by the oxygen content of the crys- 
tal. This influence of the oxygen concentration on 
the shape of the precipitate suggests the formation 
of a copper-oxygen complex. Two simple types of 
precipitates have been identified: a needle-like 
shape and a plate-like shape. The precipitates have 
definite preferred orientation with respect to the 
crystal lattice. The particles prefer to segregate on 
{100} planes. The needles grow in <110> directions 
while the plates are oriented in such a way that their 
edges are parallel to the <100> directions. Com- 
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Fig. 13. X-ray diffraction photomicrograph of a silicon crys- 
tal showing segregation of oxygen. Magnification 20X. 


posite structures built up of needles and plates oc- 
cur. These structures appear as crosses when ob- 
served in the {100} planes. If the plane of observa- 
tion is a {111} plane, their projection appears as a 
star pattern. The needles always bisect the angle 
between the plates. 

The method of Cu decoration for the determina- 
tion of low dislocation densities is an accurate 
method. Dislocations respond differently to their de- 
velopment by decoration depending on history, im- 
purity cloud, and experimental conditions, but Cu 
is always able to decorate dislocation lines. In Si 
containing oxygen, Cu precipitates preferably in the 
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region of high oxygen concentration, thus delineat- 
ing the areas of high density of oxygen clusters. A 
comparison of Cu decoration pictures with x-ray 
diffraction photomicrographs produced evidence 
that no dislocations are present in areas showing 
microsegregation of oxygen. Since this would not be 
expected on the basis of Tiller’s model of crystal 
growth, which calls for a dislocation density of 
10°/cm* due to microsegregation of oxygen, we con- 
clude that Tiller’s model is not valid in this case. 
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Radio-Frequency Carrier and Capacitive Coupling Procedures 
for Resistivity and Lifetime Measurements on Silicon 
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Merck Sharp & Dohme Research Laboratories, Division of Merck & Company, Inc., Rahway, New Jersey 


ABSTRACT 


By use of a radio-frequency carrier and capacitive coupling it has been 
possible to measure the resistance and lifetime of silicon rods without making 
direct ohmic contact to the samples. Even with contacts, the use of an RF 
carrier to observe lifetime by photoconduction decay eliminates the need for 
insuring solid ohmic contacts as is required with a d-c carrier. With low loss 
insulation between coupling capacitors and sample, an RF bridge will measure 
separately both the sample resistance between the coupling capacitors and the 


value of this coupling capacitance. 


In the study of zone refining of silicon, it is often 
desirable to know the changes in resistivity and life- 
time as successive passes or changes in procedure 
are carried through. Direct current methods of 
measuring resistivity and lifetime involve handling 
and operations that are likely to interfere with fur- 
ther purification (1). Henisch and Zucker (2) de- 
scribed a radio-frequency contactless method for 


1 At present engaged in private consulting. 


estimating resistivity and lifetime of semiconductors 
using inductive coupling and measuring the coil 
properties with a Q meter. Since the coil coupling 
to the sample was not determined readily, a system 
of arbitrary calibrations was required. The contact- 
less method reported in this paper utilizes a radio- 
frequency current and capacitive coupling which 
may be measured readily so that resistivity may be 
calculated directly. The RF measuring procedures 
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described also lend themselves to measurement of 
polycrystalline material by using the capacitive 
coupling between grains to by-pass the intergranu- 
lar contact resistances (3). Methods for estimating 
and measuring lifetime using capacitive coupling 
with a high-frequency carrier also were developed. 
At the same time this work was done, Keller devel- 
oped some similar high-frequency carrier lifetime 
methods (4). 
Principle of the Method 

The Si samples studied were cylindrical rods 
1.0-1.8 cm in diameter and 10-20 cm in length. Two 
coupling capacitors, which were cylinders, 1 or 2 cm 
long, concentric to the rod, were used. Coupling ca- 
pacitors were Al foil wrapped in thin polyethylene 
sheet and separated from the Si either by an air gap 
and polyethylene sheet wrapped around the Si or 
just by the polyethylene on the Si (Fig. 1). It is 
essential that any insulating material in the capaci- 
tor gap between the electrodes and the Si be low 
loss at the frequencies used. Lossy insulating mate- 
rial in this space adds to the apparent resistance of 
the sample. The circuit for the configuration is 
shown in Fig. 2 and consists essentially of two ca- 
pacitors, the metal foil cylinders, which were con- 
nected by a resistor, the section of Si rod between 
them. The impedance of this circuit is then simply 


Z = R, + 2/jw2C, = R. + 1/jwC, [1] 


where w is 2z, f is frequency. 

The resistance R, may vary from 20 to 2000 ohms 
while the value of the series coupling capacitance, 
C., ranges from 10 to 30 pyf so that direct measure- 
ment as a series circuit is not readily accomplished 
with the standard radio-frequency bridges or Q 
meters. However, if the impedance Z of the two ter- 
minal series circuit of Fig. 2 is treated as a two ter- 
minal parallel circuit consisting of a resistor R, in 
parallel with a capacitor C,, then the corresponding 
admittance Y may be measured on a General Radio 
Twin T Bridge or a Boonton Q meter, and R,, the 
desired series resistance value, can be computed. The 
calculation of R, from the measured values, R, or G, 
and from C, is derived from the usual expression for 


to 
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Fig. 1. Diagram of capacitance cell with silicon crystal 
inserted. 
Terminal a 
Terminal a 
To Bridge or 
Q Meter 
Terminal 
Terminal b b 


Fig. 2. Circuit equivalent of capacitance cell with silicon 
crystol. 
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the conversion of an impedance Z to its reciprocal, 
the equivalent admittance Y. 


Y=G+jB= 


Rt 


w*C,7R, + jwC, 


2 
1+ 


For resistance values of the order of hundreds to 
a few thousand ohms, frequencies of 0.5-2 mega- 
cycles were used, while for lower resistances of 20- 
50 ohms, frequencies up to 20 megacycles were nec- 
essary. Generally, the frequency may be chosen so 
that the term w’*R,’C,’ in the denominator is negligi- 
ble compared to unity and may be dropped. This 
term wR,C, is the dissipation factor D of the ca- 
pacitor formed by coupling through the Si rod. In 
the measurement of polycrystalline rods and some 
high resistance single crystals, the apparent dissi- 
pation factor D may be larger than 0.2 and must be 
retained in order to achieve accuracies of 5-10%. 
The use of this correction for large D will be dis- 
cussed in a later section. When it is dropped, how- 
ever, the denominator of the expression for Y is 
unity; then the series coupling capacitance C, and 
the measured value C, are essentially equivalent. 
The rod resistance R, is given by the expression: 


G 1 
R, [3] 
w’C,” 


The Twin T Bridge measures G and C, so that R, 
can be calculated directly from the bridge readings, 
while use of a Q meter requires additional steps 
which will be outlined in the latter part of the next 
section. 

Measurement Procedure 

Using the GR821A Twin T Bridge, C, readings are 
taken with empty capacitor cylinders connected to 
the bridge and spaced for the sample. Then the Si 
sample is inserted into the coupling capacitor and 
the bridge rebalanced. The required C, is the differ- 
ence in the bridge capacitance reading for the 
coupling capacitors empty and with sample. The 
conductance G of the sample is read similarly. While 
total rod resistances are of interest, it is more usual 
to determine sectional resistances along the length 
of a zone refined rod. To do this, an initial separation 
of the coupling capacitors may be as small as 1 cm. 
On increasing the spacing, the increase in measured 
resistance is a measure of the sample section in- 
troduced by the increased capacitor separation. This 
procedure also minimizes any errors that may occur 
due to special end effects at the coupling capacitors. 
The increment in conductance AG observed when 
the capacitor spacing is increased is then related to 
the resistance increment AR due to the added in- 
cluded length of Si rod, by the expression 


AG 
AR = ————— 4 
[4] 
The value of C, used at any position on the rod is 
the difference between the capacitance reading of 
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Table |. Sample data and calculation of resistivity of silicon rod 
using a Twin-T bridge 
Sample No. 50EY6-1 cross-sectional area 2.70 cm? 


f= 500kc w = 3.14 x 10° w* = 9.88 = 10% 


C in micro- G, 
microfarads micromhos 


Balanced bridge alone 255.1 0.0 
Connected cable and cell 157.1 0.10 
(Cell at 1 cm spacing) 

With silicon rod, 1 cm spacing 147.5 3.70 
2 cm spacing 147.8 4.60 
3 cm spacing 147.7 5.55 
4cm spacing 147.7 6.65 
5 cm spacing 148.1 7.50 


Average AG = 0.95 « 10° mho 
Average C, = 9.3 x 10°” farad 


2.70 x 0.95 x 10° 
9.88 x 10“ x (9.3 x 10°*)° 
p = 3000 ohm-cm 


ohm-cm 


the Twin T Bridge balanced with the coupling ca- 
pacitor empty, and the reading of the bridge when 
balanced at that position. Table I is an example of 
this measurement procedure. 

When using a Q meter, a further step in the cal- 
culation is required to relate changes in Q to the 
changes in apparent conductance. If to a circuit 
reading Q, and tuned to resonance by capacitance C,, 
a conductance G, is added in parallel to the ca- 
pacitance, the added conductance G, is related to 
the new value Q, by the expression: 


G,= wl, (1/Q,— 1/Q,) [5] 


G, in this case is the conductance derived from 
the value of R, for the rod section inserted. At any 
position where a Q, Q, is measured, the total re- 
sistance between the coupling capacitors is given by 


R,, = C,/w(AC,)* (1/Q, — 1/Q,) [6} 


When the separation between the coupling ca- 
pacitor is increased, a new smaller value of Q,Q, is 
observed, corresponding to a new total resistance 
R, between the coupling capacitors given by the ex- 
pression: 


R, = C,/w(AC.)* (1/Q. — 1/Q,) [7] 


The incremental resistance AR is the difference 
between R, and R.. The incremental resistance AR 
due to the added length of Si rod then is given by 
the following equation, if variations in AC are small 


AR = C,/w(AC)’ (1/Q. — 1/Q,) = 


C,/w(AC)* 4Q/Q,(Q, — AQ) [8] 


AQ = Q, — Q.; AC,, the value of the coupling capaci- 
tance at any position n, is as with the Twin T Bridge, 
the difference in tuning capacitance setting of the Q 
meter with the coupling capacitors empty, and the 
reading of the tuning capacitance when tuned at 
position n on the rod. 

Typical data for contactless readings using the Q 
meter are given in Table II. 
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Table II. Sample data and calculation of resistivity of silicon rod 


using a Q meter 


Sample No. 50EX46-2 cross-sectional area = 2.70 cm? 
f=500ke w = 3.14 x 10° w? = 9.88 x 10% 


Resonated Q meter circuit 166.0 398.3 


Connected cable and cell 161.0 306.6 
(Cell at 1 cm spacing) 
Inserted rod (1 cm spacing) 109.5 294.3 


C, = 3.98 « 10” farad 2 cm spacing 104.5 294.5 
AC = 12.2 x 10° farad 3 cm spacing 99.0 293.8 
AQ = 5.25 

Q:Q: = 99 (105) 


2.70 (3.98 «x 10°’) 5.25 


x 
3.14 x 10° (12.2 x 10°*)* 99 (105) 
p = 1110 ohm-cm 


Variations in AC, with change of position along 
the rod may be so great that using an average value 
of coupling capacitance, as is done in Table II, may 
be undesirable. In that case the total resistance 
values R,,, at each position should be calculated using 
Eq. [6]. As a further help to averaging when meas- 
uring rods that are short compared to the coupling 
capacitors, or that vary by more than 10% in diam- 
eter along the length, the ground and live connec- 
tions to the capacitors can be interchanged to pro- 
vide two readings at each position. The reliability of 
the measured data may be improved further by 
varying the coupling capacitance to the rod, at any 
position. This variation in coupling capacitance can 
be accomplished by change in the area of the ca- 
pacitor or by changing the separation between the 
Si and the cylindrical coupling capacitor. With long 
uniform rods, it is not usually necessary to use all 
the variations of procedure outlined, but for short 
irregular rods or rods with widely varying resistance 
profiles the extra steps may be desirable. Table III 
summarizes a comparison of resistivity measure- 
ments made by each of the RF instruments and by 
a 2-point d-c method. 


Correction for Large Dissipation Factors 
When Measuring Whole High Resistance Rods 
or Polycrystalline Rods 


In going to Eq. [3] from Eq. [2] a simplification 
resulted by dropping the square of the dissipation 
factor term D = wR,C,. When applying contactless 
measurements to whole high resistance rods or to 
polycrystalline rods, this simplification is not always 
possible. 

When using the Twin T Bridge, the value of D is 
readily calculated from the conductance G and 


Resistance by Twin T by two- 
Sample No. by Q meter bridge point probe 
50EX46-2 1110 1090 1300 
50EX48-1 — 2200 2200 
50EY6-1 — 3000 2800 
50EX48-2 3300 — 3500 


50EX21-1 1000 934 900 


: 
: = 

oy 

q 

Table III. Resistance of entire rod by capacitive coupling method ae 
Resistance Resistance Seer 

5 
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equivalent parallel capacitance C,, which are di- 
rectly read. 


D = wR,C, = 1/wR,C, = G/wC,=1/Q_ [9] 


If D is larger than 0.2, it is desirable to use the 
complete expression relating R, and R,, namely 
R, R, G 


1+D* D*) + D*) 
[10] 


The C, of Eq. [9] and [10] is read in the same way 
as the capacitance used in Eq. [3] and is the differ- 
ence between the setting of the Twin T Bridge bal- 
ancing capacitor before and after connecting the 
sample. 

Using Q meter readings the dissipation factor of 
the rod section for capacitors at a position n is given 
by the following expression obtained by combining 
Eq. [5] and [9] and noting that AC = C, 


D, = G,/w(AC,) = C,/AC,(1/Q, — 1/Q,) [11] 


With an initial Q, of 100 or more, a AC of 20 pyf 
and C, 300 pyf, Q, would be about 30 with a sample 
D as large as 0.3. With D values greater than 0.3, 
the total rod resistance must be calculated at each 
position and differences between these values taken 
in order to obtain resistance profiles. With single 
crystal rods this is not usually necessary, since the 
carrier frequency can be chosen to provide adequate 
changes in Q without D exceeding 0.1. In the study 
of polycrystalline rods, however, data over a wide 
range of frequencies are necessary and corrections 
for large D are essential. To correct Q meter calcula- 
tions for D values greater than 0.3, Eq. [5] and [10] 
are combined to give 


C,/w(AC,)* (1/Q, — 1/Q,) (1/1 + D,’) 
[12] 
where as before D, is calculated using Eq. [11]. AC, 


as observed is of course the apparent parallel ca- 
pacitance, C,, of Eq. [9] and [10]. 


R, (corr.) = 


Use of Data Derived from Polycrystalline Rods 

The equivalent circuit shown in Fig. 1 represents 
the Si rod as a single resistor. While this is an ade- 
quate representation of single crystals, polycrystal- 
line material behaves more like a complex resist- 
ance, capacitance network. The contacts between 
crystallites behave as resistors shunted by inter- 
granular capacitance. A representation of this es- 
sential circuitry is given in Fig. 3. The measure- 


Ri 


Fig. 3. Circuit equivalent of polycrystalline material. Re, 
grain resistance; intergranular capacitance; inter- 
granular resistance 
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Table IV. Comparison of Q measurement of resistance and Hall 
measurement calculation of polycrystalline silicon resistance 


Resistance 

of entire rod 
ber of Apparent calc. from Hall data 

carriers/ resistance (does not include 

cm? from of entire grain bound- 

Halldata rodat10Mc_ ary resistances) 


n Num- 


Sample No. 


A 27-28B 
A51-1A 
A 57-25A 
A57-8B 
A 48-11B 


5650 
2150 
5600 
4850 
1080 


ment of the resistivity of polycrystalline aggregates 
as a function of frequency has been reported in con- 
nection with the study of ferrites, zinc oxide (3), 
and other materials. The capacitive coupling method 
is well suited to this type of measurement. As in 
the case of other polycrystalline materials, the ap- 
parent resistance decreases and starts to level off 
with increase in frequency. Five Si polycrystalline 
rods were measured at increasing frequencies up to 
10 Mc. In Table IV the whole rod resistances at 10 
Mc are compared to the values calculated from the 
net carrier density at room temperature as obtained 
by Hall measurement (5). Relative values are rea- 
sonably consistent and could serve to classify the 
rods, but the RF resistance values are somewhat 
greater than those calculated from the carrier den- 
sity, indicating either a lower mobility than used in 
the calculation, or the need for measurements at still 
higher frequencies to by-pass intergranular resist- 
ance adequately. An even simpler measurement for 
classification of polycrystalline rods is a single Q 
measurement at a fixed capacitor spacing at a fre- 
quency where there is sufficient dispersion of Q to 
provide a basis for classification (6). The data in 
column 1 of Table IV are Q values measured at 2 Mc 
with capacitor coupling electrodes fixed 1 cm apart. 
These Q readings correspond to Q, or Q, of Eq. [6] 
and [7], but relate to an apparent resistance which 
combines intergranular resistance and crystallite re- 
sistance. While these are not ultimate measures of 
the Si granule resistances, these single Q readings 
have provided convenient control measurements. 


Lifetime Estimation and Measurement 

With a sample in the resistivity measuring appa- 
ratus, a rapid indication of lifetime may be obtained 
by illumination of the sample with infrared. This is 
readily done using the Q meter and a 250-w infrared 
heat lamp. The change in Q on illumination of the 
sample by the lamp serves to indicate the general 
range of lifetime to be expected with more accurate 
measurement. For a given lifetime, the change in 
Q on illumination was of course larger for high 
resistivity rods. With doped low resistivity rods, an 
increase in carrier frequency beyond that used for 
resistivity measurement may be necessary to ob- 
serve a useful change in Q with lifetimes under 50 
sec. 

For photoconductive decay lifetime measurement, 
with a radio-frequency carrier, the capacitive cou- 
pling shown in Fig. 1 was utilized with the detector 
circuit shown in Fig. 4. 


‘ 37-50 0.6 x 10” 4125 
Ke 65 0.6 x 10” 4125 
35 0.9 x 10” 2800 
Cj Ci 
Rg Re | 
R 
Ri Ri G 
| 
Rg Rg 


infrared 
Source 


Oscilloscope 

“Tektrona 535° 


53440 


Trigger 


Fig. 4. Diagram for lifetime detection by capacitive coup- 
ling (transient) method. 


The modulation of resistivity resulting from the 
production of excess carriers by illumination and 
their subsequent decay results in the modulation of 
the amplitude of the radio-frequency carrier passed 
through the sample. On detection of the carrier and 
further amplification of the envelope, it was possible 
to observe a photoconductive decay curve similar to 
that obtained with direct current. An improved am- 
plifier could be a direct RF or heterodyne amplifier 
with first stage clipping and then final clipping and 
detection. There was little difference found between 
lifetimes measured using d-c and direct contacts and 
the values obtained with radio frequency carriers 
over the range of 2-15 Mc/sec. Some typical results 
are given in Table V. For low resistivity samples di- 
rect contact of metallic foil electrodes was some- 
times necessary. While this procedure has the dis- 
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Preparation of Uniform Resistivity n-Type Silicon 
by Nuclear Transmutation 
M. Tanenbaum and A. D. Mills 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 


ABSTRACT 


By the capture of a thermal neutron, the natural isotope Si* can be trans- 


Table V. Capacitive method of lifetime detection in silicon crystals 
(Photoconductive decay) 


Lifetime using 


Lifetime using 
capacitive method, d-c contact method, 
Sample No. usec usec 
50EX48-2 800-900 800-1000 
50EX-2-2 20-25 20-30 
50EX38-1 100-200 100-200 


advantage that the sample surface may be altered, 
the surface damage is less than that required for d-c 
ohmic contacts and there is less likelihood of carrier 
injection. 


Manuscript received April 26, 1960. This - was 
prepared for delivery before the Columbus eeting, 
Oct. 18-22, 1959. 


Any discussion of this popes will appear in a Discus- 
sion Section to be published in the December 1961 
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muted into the unstable isotope Si* which decays by beta emission with a 
2.62 hr half-life to the stable isotope P”. By means of this reaction, donors can 
be produced in a silicon crystal. Because of the uniformity of flux which can 
be obtained in large nuclear reactors, this technique lends itself to the prep- 
aration of uniformly doped n-type silicon. After irradiation the silicon crystal 
is heavily damaged by the emitted betas, by the recoil of the decaying Si", and 
by the high energy neutrons that are unavoidably present in the reactor. How- 
ever, this damage can be removed by annealing at temperatures near 600°C. 
The technique has been used to produce n-type silicon with nominal resistivi- 
ties between 0.1 and 20 ohm-cm. The resistivity of the resulting crystals was 


Many experimental and practical uses of semicon- 
ductors require single crystals of accurately con- 
trolled resistivity. This problem was successfully 
attacked in germanium by the use of zone leveling 
techniques (1). It has been possible to produce p-type 
silicon with the necessary resistivity uniformity by 
two techniques. Using boron with a distribution co- 
efficient of approximately 0.9, it is possible to pull 
single crystals of good uniformity (2). Using the 
floating-zone technique with aluminum whose dis- 


uniform over dimensions of 5 cm to within +5%. 


tribution coefficient is 0.004, it is possible to zone 
level p-type Si to a high degree of uniformity (3). 
The preparation of uniform resistivity n-type Si has 
been a more difficult problem. The less volatile 
Group V donor impurities such as phosphorus and 
arsenic have distribution coefficients which are too 
small to permit their use in normal crystal pulling 
procedures and too large to permit their use in zone 
leveling procedures. Antimony and bismuth which 
have distribution coefficients small enough for zone 
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leveling are much too volatile and vaporize rapidly 
from molten Si. Crystal growing procedures have 
been developed which attempt to compensate for 
these difficulties. Bradshaw and Mlavsky (4) have 
pulled Si crystals from phosphorus-doped meits in 
vacuum where they used the rate of evaporation of 
phosphorus from the melt to compensate for the in- 
creasing phosphorus concentration in the melt 
caused by segregation. Bridgers (5) has proposed a 
method for controlling phosphorus concentration in 
the melt during floating-zone crystal growing by 
establishing a quasi-equilibrium between the mol- 
ten zone and a vapor phase containing a volatile 
phosphorus compound such as phosphorus bromide. 
Since both of these techniques require the simul- 
taneous control of several kinetic processes including 
evaporation, segregation, and vapor-liquid reactions, 
it can be expected that their satisfactory imple- 
mentation on a routine basis will require consider- 
able ingenuity. 

This paper describes a different approach to the 
problem of the preparation of uniform resistivity 
n-type Si at any desired resistivity level. The ap- 
proach is based on a nuclear reaction in which a 
thermal neutron is captured by the naturally oc- 
curring stable isotope Si” to form the unstable iso- 
tope Si". This unstable isotope decays by the emis- 
sion of a 1.471 Mev 8 with a half-life of 2.62 hr to 
the stable isotope P". The cross section for this re- 
action is known, and thus by determining the total 
integrated flux of thermal neutrons incident on a 
Si specimen it should be possible to predict accu- 
rately the extent to which this nuclear reaction oc- 
curs and thus to determine the total amount of 
phosphorus that is produced to within a few per 
cent.’ Furthermore, if a sample can be placed in a 
region of a large pile where the flux density is uni- 
form, the doping of the resulting Si crystal should 
reflect the flux uniformity of the reactor.* 

In addition to this desired reaction there are other 
possible nuclear transmutations which can occur in 

The concentration of P [P™] is given by [P™] = [Si*]cF where 
{Si*] is the concentration of Si™, ¢ is the thermal neutron cross 
section of the reaction, and F is the total thermal neutron flux. 
Barring any competitive reaction, this could provide accurate means 
for determining the cross section of the reaction. Lark-Horowitz (6) 
has discussed this method of doping semiconductors and has com- 


pared neutron cross sections in Ge obtained by similar techniques 
with cross sections obtained by the usual nuclear methods. 


*Similarly, this could provide a method for probing the flux 
profile of a reactor. 
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Table |. Nuclear data 
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the specimen. Some of these may produce undesir- 
able products and could defeat the purpose of this 
experiment if they occurred to an appreciable ex- 
tent. In order to examine the possibility of such in- 
terfering reactions it will be assumed that all im- 
purities in the Si crystals before irradiation have 
been reduced to a level below 10” at./cc. This is a 
reasonable assumption if floating-zone refined Si 
crystals are used as the starting material. Thus, it is 
necessary to consider the possible reactions between 
neutrons and the stable Si isotopes; Si* (natural 
abundance 92.27% ), Si” (natural abundance 4.68% ), 
Si” (natural abundance 3.05%).* Reactions with 
P* will also be considered. 

(n,y) Reactions.—The following reactions may be 
considered: 


Si*(n,y)Si* [1] 
Si*(n,y) Si” [2] 
Si”(n,y) Si" > P® + & [3] 
P*(n,y)P*> S* + [4] 


The pertinent cross sections, o, are listed in Table I. 
Where an unstable isotope is formed, the decay 
scheme to the next stable isotope is indicated in the 
equation and the half-life for decay, r+, is listed in 
Table I. Reactions [1] and [2] serve only to alter 
the isotopic ratios. Furthermore, the amount of new 
Si” produced will be comparable to the amount of 
P" produced and this increase will generally be 
negligible. Reaction [3] is the desired reaction to 
produce donors. Reaction [4] leads to the destruction 
of the desired donor P™ and the creation of S® which 
is reported to be a donor with ionization levels at 
0.18 ev and 0.37 ev from the conduction band (8). 
However, since the cross section for reaction [4] is 
only twice that for reaction [3] then 


conc. P™ 


[5] 


conc. Si” 


conc. S” 


conc. P™ 


For a neutron irradiation sufficient to transmute 10” 
of the Si” into P™ the amount of P" destroyed is 
5.9 x 10”. This is obviously insignificant. An equal 
amount of S” is produced, and it is not expected that 

*A study of natural silicates from widely scattered sources has 


shown that the maximum variation of the ratio Si®/Si* is 3 parts 
per thousand (7). 


n,p 

T T E (Mev) T E (Mev) T E (Mev) 
si* 0.08 + 0.03* — 4.92s 17.4** 0.0044f 2.3m 4.0** 
Si” 0.28 + 0.09* — 8.7** 0.10++ 6.6m 3.3°° — 0.04f 
Si” 0.110+0.010* 262h — — 10.6t =6~0.00017+f 9.45m 4.2t 
0.20 + 0.02* 14.3d 2.55m 12.6** 0.7777 2.62h 0.97** 0.15t7 2.27m 0.91** 
Go — 126s 17.3** 0.05++ 7.38s 10.2** 2.2t 
O' — 4.2t 4.14s 8.1f 0.25+0.15**  5500y thermal 
0.00021* 29s 8.0t — eee 2.3s 


* Neutron Cross Sections, D. S. 


Hughes and R. B. Schwartz, U. S. Gov't Printing Office, Washington, D. C. (1958). 


** O. R. Frisch, “The Nuclear Handbook,” Chap. 10, D. Van Nostrand, New York (1958). 


*** Mass of product nucleus unknown. 


+R. H. Smith and H. E. Menker, “Neutron Activation Analysis Calculations,” 


f fission spectrum neutrons 


Tracerlab, Inc. Report TLW-1051, December 1958. 


tt 14 Mev neutrons, G. Friedlander and J. W. Kennedy, “Nuclear Radio Chemistry,” John Wiley & Sons, New York (1955). 


t Calculated from mass deficit. Add ~2 Mev for coulomb repulsion for (n, p) reaction and ~4 Mev for (n, a) reaction. 
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this concentration will effect the electrical prop- 
erties at the resistivity and lifetime levels usually 
encountered in devices. 

Reaction [4] does have one undesirable effect 
since it renders the sample radioactive. Because of 
the relatively long decay half-life of 14.22 days, 
the sample will remain radioactive for several 
months. However, an _ initial concentration of 
5.9 x 10° P*/ce will produce an initial activity of 
about 0.12 millicuries/cc. Since this activity is a 
pure beta, it is at a level where it can be handled 
with minimal shielding. Sanitary precautions such 
as gloves and adequate ventilation during cutting 
and shaping would be required. After 2.5 half-lives 
or 36 days, the activity would be 0.01 millicuries/cc. 
The total activity will, of course, be proportional to 
the volume of Si, and the handling of large quanti- 
ties may require special consideration. 

The above reactions are the only expected reac- 
tions with thermal neutrons. In available reactors, 
however, it is not possible to obtain high fluxes of 
thermal neutrons without also obtaining measurable 
quantities of high energy neutrons. Unfortunately 
the flux density and energies of these high energy 
neutrons are seldom known in any detail. Therefore, 
it is worthwhile to consider possible high energy 
neutron reactions and to estimate what possible 
effect they might have on the irradiated crystals. 

(n,2n) Reactions.—The following reactions may 
be considered: 


Si*(n,2n)Si* > Al” + [6] 
Si*(n,2n) Si* [7] 
Si” (n,2n)Si” [8] 
P*"(n,2n)P”—> Si” + [9] 


The pertinent cross sections, half-lives, and esti- 
mated threshold neutron energies, E, are listed in 
Table I. None of these reactions are expected to oc- 
cur with thermal neutrons. Even if they should oc- 
cur, reactions [7] and [8] would serve only to 
change the ratio of Si isotopes. Furthermore, these 
changes would again be negligible. Reaction [6] 
would be troublesome should it occur to an extent 
comparable to that of reaction [3] which produces 
P" for this would result in compensation and could 
indeed produce a p-type sample instead of the de- 
sired n-type. If reaction [6] proceeds to an appre- 
ciably smaller extent than reaction [3], its effect 
would be simply to reduce the apparent efficiency 
with which the sample is doped with phosphorus 
and could be easily compensated by a longer bom- 
bardment. As we shall see later our results to date 
indicate that, if reaction [6] occurs, its effect is 
masked by the other uncertainties in the analysis of 
our data. If reaction [9] should prove to have a 
reasonable cross section, we would reduce the 
amount of P™ and increase the amount of Si”. How- 
ever, the extent of this reaction will be similar to 
that of reaction [4], and both these effects will be 
unimportant. 

Thus, it is concluded that (n,2n) reactions should 
not lead to any difficulty. 
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(n,p) Reactions—The reactions which must be 
considered are: 


Si*(n,p)Al*> Si* + & [10] 
Si*(n,p)Al* > + & [11] 
Si”(n,p)Al” (unknown) > Si” + & [12] 
P"(n,p)Si*> + [13] 


It is evident that reactions [10], [11], and [13] pro- 
duce no net change and thus can be disregarded. 
There is no information available on the hypo- 
thetical reaction [12]. Al” is an unknown isotope 
indicating that if this reaction occurs at all the prod- 
uct must have an extremely short half-life. The 
probable mode of its decay if it is formed is in- 
dicated. From these considerations we conclude that 
(n,p) reactions will not produce undesirable re- 
sults. 

(n,a) Reactions.—The reactions that may be con- 
sidered here are listed in the following equations: 


Si*(n,a) Mg” [14] 
Si*(n,«) Mg” [15] 
Si” (n,a) Mg” > Al” + [16] 
P"(n,a)Al* > Si* + & [17] 


Reaction [17] similar to reaction [9] will result in a 
negligible change in Si isotope ratio and a negligible 
decrease in P™ concentration. Reaction [16] similar 
to reaction [6] will be important only if the cross 
section is high. A very small cross section for fission 
spectrum neutrons is shown in Table I. This re- 
action is not expected with thermal neutrons. The 
data reported below indicate that its occurrence is 
not detectable within the error of our experiments. 
Reactions [14] and [15] could conceivably produce 
amounts of Mg comparable to the amounts of P that 
are produced. Here again they are not expected to 
occur with thermal neutrons as indicated by the 
rough calculations of threshold neutron energy in 
Table I. However, since exact thresholds and cross 
sections have not been determined and since the 
electrical properties of Mg are unknown, it is con- 
ceivable that these reactions might lead to difficul- 
ties. 

In summary, considerations of the nuclear re- 
actions which may occur during the irradiation of 
natural Si in the thermal column of a nuclear re- 
actor suggest that the principal effect will be the 
conversion of a small amount of the natural isotope 
Si* into the stable isotope P”. Very small amounts 
of sulfur are also produced. The small quantities of 
high energy neutrons usually unavoidable during 
such irradiations may produce small amounts of Al 
and Mg and slightly alter the silicon isotope ratios. 

In addition to the chemical changes which will be 
produced by the neutron irradiation, a large amount 
of physical damage in the Si crystal will be pro- 
duced by the neutron and gamma bombardment, by 
the recoil of the decaying radioactive atoms which 
are created (9), and by the emitted beta particles. 
The knowledge of the behavior of Si in a neutron 
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environment suggests that the crystals immediately 
after irradiation will be damaged very severely and 
their electrical properties altered drastically (10). 
The detailed mechanisms of the annealing of damage 
in Si produced by neutron bombardment are un- 
known. Furthermore, there is very little published 
data on the annealing times and temperatures re- 
quired to heal neutron damage in silicon. Studies of 
the electrical changes have shown that the electrical 
effects of neutron damage shows a gross resemblance 
to damage produced by high energy electron bom- 
bardment (10). It is known that the electron bom- 
bardment damage can be removed rapidly by 
annealing at 400°C (11). The production of semi- 
conducting devices by solid-state diffusion tech- 
niques require heating at temperatures much in 
excess of those usually needed to completely remove 
radiation damage. Thus one might expect that the 
irradiated Si could be used directly in the fabrica- 
tion of devices, the irradiation damage annealing out 
during the device fabrication process. 


Experimental 

Six independent irradiation experiments have 
been performed: three in the graphite moderated 
reactor of the Brookhaven National Laboratory and 
three in the light water moderated reactor at Oak 
Ridge National Laboratory. The pertinent data on 
these irradiations are given in Table II. The reported 
fluxes are for thermal neutrons. Information re- 
garding the high energy neutron flux at our sample 
location was not available for the Brookhaven re- 
actor. The only information available for the Oak 
Ridge reactor indicated a flux density of 9.5 x 10” 
neutrons/cim*/sec with energies in excess of 2.3 Mev. 
The Si samples were prepared from floating-zone 
refined material in the form of either bars 0.2 x 0.2 x 
2.0 cm or cylinders approximately 1 cm in diameter 
and 5 cm long. In the latter case, the cylinders were 
sectioned into bars 0.2 x 0.2 x 2 cm after bombard- 
ment. During bombardment the samples were held 
in standard Al containers. There was no attempt to 
cool the samples during bombardment, but in no 
case did the temperature exceed 200°C. Samples 
2, 3, 5, and 6 included monitors of Al-Co alloys from 
which the thermal neutron flux was determined. The 
fluxes in samples 1 and 4 were estimated from the 
bombardment time and expected neutron flux den- 
sity at the sample location. After receipt of the sam- 
ples from the reactors a small radioactivity was ob- 
served. This activity had the proper energy, half- 
life, and intensity expected for the decay of P” pro- 
duced by reaction [4]. 


Table Il. Irradiation experiment data 


Initial 
Sam- resistivity, Total thermal 
ple ohm-cm Reactor neutron flux 
p-type 


l 
2 
3 
4 
5 
6 


500 Oak Ridge 1.4+0.14x 10” estimated 
700 Oak Ridge 5.49+0.15x 10" monitored 
500 Oak Ridge 4.78+0.19 10” monitored 
1,200 Brookhaven’ 1.4+0.14x10" estimated 
1,500 Brookhaven 1.54+0.04«10" monitored 
15,000 Brookhaven 1.62+0.01«10" monitored 
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Resistivities of the samples were measured with 
a 4-point probe and type K potentiometer when the 
resistivity level was in excess of 20 ohm-cm. For re- 
sistivities less than 20 ohm-cm a 2-point probe with 
a point spacing of 0.025 or 0.15 cm was employed. 
With the 2-point arrangement measurements were 
taken at intervals of 0.013 cm along the bars and re- 
corded on a L&N Speedomax recorder. The smaller 
spacing was used to obtain a finer profile on some of 
the specimens. The majority of the measurements 
were performed with the 0.15 cm spacing. The pre- 
cision of this measurement is estimated as+3%. For 
the purpose of the following tables, measurements at 
intervals of approximately 0.5 cm are quoted from 
the more detailed data actually obtained. 

After the resistivity had been measured following 
bombardment, the samples were etched in a mixture 
of 5 parts concentrated HNO, to 1 part concentrated 
HCl, rinsed in deionized water, and then heated in 
air at varying temperatures and for varying times. 
The resistivities were measured after each annealing 
and the samples re-etched before the next annealing. 
An unbombarded sample was heated with each 
bombarded sample to control against resistivity 
changes caused by accidental contamination during 
the annealing. The resistivity of the control was 
chosen to approximate the final resistivity expected 
in the bombarded samples. 

Table III contains results from the annealing 
heat treatments. All the samples were n-type. These 
results have been selected to be representative and 
illustrate the general annealing behavior. Data on 
the controls are not included since they showed no 


Table Il!. Annealing heat treatment results 


lhr, 16 hr 1 hr, 


1 hr, 
Sample 600°C 625°C 625°C 800°C 
1 6.44 0.334 
6.24 0.334 
6.24 0.334 
6.44 0.326 
6.63 0.334 
2 >10° 0.71 0.66 0.65 
>10° 0.71 0.65 0.64 
>10° 0.71 0.65 0.64 
>10° 0.69 0.65 0.64 
>10° 0.71 0.66 0.64 
3 0.26 0.110 0.102 
0.28 0.110 0.101 
0.29 0.110 0.101 
0.31 0.110 0.101 
0.34 0.110 0.102 
4 3.69 2.51 
3.64 2.54 
3.70 2.54 
3.74 2.51 
5 2.08 1.90 1.92 
2.07 1.90 1.90 
2.06 1.90 1.90 
2.06 1.90 1.90 
2.06 1.90 1.92 
6 17.8 17.6 15.3 
17.8 17.3 15.1 
18.1 17.3 15.1 
18.1 17.3 15.1 


18.1 17.6 14.8 
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significant changes during any of the heat treatments 
reported except in the case of sample 6. In this 
latter case an unbombarded control showed an in- 
crease in donor concentration after heating at 800°C 
for 1 hr. The original average resistivity of the con- 
trol was 14.7 ohm-cm. After 1 hr at 800°C, the aver- 
age resistivity was 13.2 ohm-cm. This compares with 
the change noted in sample 6 after 1 hr at 800°C 
and indicates that this decrease from the value after 
16 hr at 625°C may be caused by effects independent 
of the bombardment of the samples. It would be 
expected that uncontrolled resistivity changes 
caused by contamination during heating, etc., would 
be more apparent in high resistivity samples. The 
source of this change in sample 6 and in the control 
is not known. 

Immediately after bombardment all samples 
measured greater than 10° ohm-cm indicating large 
concentrations of energy levels near the center of 
the forbidden energy gap. These defects are due pre- 
sumably to physical lattice defects. The defects be- 
gin to anneal upon heating 1 hr at 400°C as indicated 
by slight decreases in resistivity. Rapid annealing 
occurs at 600°C. In general annealing was complete 
after 16 hr at 625°C. The annealing was considered 
complete when doubling the total heating time did 
not produce a significant change in resistivity. Some 
samples were heated as high as 1200°C for 12 hr to 
confirm the validity of this procedure. 

Table IV summarizes the results and lists the 
average resistivities and the standard deviation from 
the average along the length of each bar. Because of 
the changes after heating at 800°C, the resistivity 
after 16 hr at 625°C was used for sample 6. In all 
other cases, the values after 1 hr at 800°C were used. 
It can be seen that the bombardment was uniform to 
within +3% along the length of the 2-cm samples. 
In addition samples were measured along the 5 cm 
length of cylindrical bombarded samples and across 
the diameter of the cylinders. In every case the 
maximum standard deviation was less than 3% or 
within the precision of the resistivity measurements. 

The lifetime of sample 2 was measured by the 
van de Graaff technique (12) after heating for 48 
hr at 625°C and cooling in the furnace to room tem- 
perature. A value of 0.05 wsec was obtained. Mesa- 
type transistors were made from sample 1, and it 
was demonstrated that the lifetime was sufficiently 
high to make this material useful in transistor fab- 
rication (13). 


Table IV. 
Cross 
Resistivity, Mobility, section, 
Sample ohm-cm cem?/v sec barns 
1 0.332+0.003 1010* 0.087 
2 0.64+0.00 1130* 1.10 
3 0.101+0.001 725* 0.12 
4 2.53+0.01 12307 0.092 
5 1.91+0.01 1175+ 0.11 
6 


17.4+0.2 1350t 0.11 


*K. Wolfstirn, J. Phys. Chem. Solids (in press). 
+M. B. Prince, Phys. Rev., 93, 1204 (1954). 
tA. W. Ludwig and R. L. Watters, ibid., 101, 1699 (1956). 
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Discussion 

These experiments indicate that in the high flux 
thermal columns of both the Brookhaven and Oak 
Ridge reactors it is possible to obtain neutron fluxes 
which have been sufficiently thermalized so that 
thermal neutron capture is the most significant re- 
action which occurs in high-purity Si. 

Table IV also includes the cross sections for re- 
action [3] using the estimated or monitored neutron 
flux and a natural abundance of Si” of 3.05%. The 
cross section obtained by averaging the results of 
the monitored samples is 0.11 + 0.01 barns. The lit- 
erature value reported in Table I is 0.110 + 0.010 
barns. The uncertainties in these experiments are 
+3-4% in the flux measurements, +5% in the ab- 
solute resistivity, +10% in the electron mobility, 
and +2% in the natural abundance of Si”. Thus the 
excellent agreement between the results of these ex- 
periments and the literature value is perhaps for- 
tuitous. It also appears that the principal goals of 
this experiment which were the production of n-type 
Si with a uniformity of doping of +5% have been 
achieved in the samples employed. Furthermore, the 
reproducibility of the cross section obtained in the 
two different reactors indicates that an equal ac- 
curacy in predicting the level of resistivity can also 
be obtained. 

It is worthwhile to consider the effect of any oxy- 
gen that might be dissolved in the Si during the nu- 
clear irradiation. These considerations are not im- 
portant if floating zone Si is used. However, they 
would become important if it were desirable to ir- 
radiate pulled crystals. 

The reactions that must be considered are as fol- 
lows: 


O”*(n,y)O” [18] 

O” (n,y)O”" [19] 
O"(n,y)O" > + & [20] 
O"(n,p)N“> + & [21] 
O”(n,p)N" > O" + & [22] 
O*(n,p) N* (unknown) + [23] 
O”(n,a)C* [24] 
O”"(n,a)C* > N“ + [25] 
O*(n,a)C* > N* + [26] 
O"(n,2n)O" > N™ + [27] 
O” (n,2n)O” [28] 
O*(n,2n)O” [29] 


* Probable decay product. 


It can be seen that reactions [18], [19], [28], and 
[29] serve merely to alter the oxygen isotope ratio. 
Reactions [21], [22], and probably [23] produce no 
net change. Reactions [24], [26], and [27] will 
probably require neutrons with energies in excess 
of 5 Mev. Reaction [25] may well occur with ther- 
mal neutrons. Because of the very long half-life 
of the decay of C™, the main effect of this reaction 
will be to produce carbon. Reaction [20] will also 
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occur with thermal neutrons but has an extremely 
small cross section. Furthermore, since the oxygen 
concentration will probably not exceed 10”/cc, and 
since the abundances O” and O” are 0.04% and 
0.20%, respectively, we would expect the amount of 
fluorine produced by reaction [20] to be about 10° 
of the amount of phosphorus produced, and the 
amount of carbon produced by reaction [25] to be 
10° of the amount of phosphorus produced. Such 
quantities of these impurities should be completely 
negligible. Thus, it would appear that from the 
chemical viewpoint Si containing up to 10” oxygen 
atoms per cc could be safely irradiated. On the other 
hand, it has been reported that oxygen affects the 
bombardment damage produced by high energy 
electrons (14). It is possible that similar interactions 
with high energy neutrons would complicate the 
physical radiation damage produced in the Si lattice 
in an undesirable fashion. These questions can be 
answered most easily by experiment. 


Conclusions 


It has been shown that the irradiation of Si with 
thermal neutrons provides a practical method for 
preparing uniformly doped n-type Si of predictable 
resistivity level. The method should be practical for 
doping up to about 5 x 10”/cc. Although it is appli- 
cable at higher dopings, the times of irradiation that 
would be necessary with currently obtainable ther- 
mal neutron fluxes become very long. In the low 
doping or high resistivity region, uniformity is lim- 
ited only by the purity of the starting material. 

Both a study of the possible nuclear reactions and 
the interpretation of the experimental results indi- 
cate that the most important nuclear reaction lead- 
ing to an electrically active impurity is the capture 
of a thermal neutron by the natural isotope Si”. Al- 
though the experiments have been applied only to 
floating zone material, it appears that concentra- 
tions of dissolved oxygen as high as 10"/cc can be 
tolerated. The method has the additional advantage 
that it can be applied equally well to large single 
crystals, to slices of crystals, or to small wafers 
which have been preformed to the final dimensions 
desired in devices. 
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Coatings for Columbium 


S. T. Wlodek' 


Technology Department, Union Carbide Metals Company, 
Division of Union Carbide Corporation, Niagara Falls, New York 


ABSTRACT 


The degree of protection from high-temperature oxidation which can be 
imparted to columbium by ten different types of coatings was evaluated. The 
coatings were applied by Plasmarc, detonation gun, or gun-metallizing proc- 
esses. Although chromium, stainless steel, and Nichrome protected columbium 
from gross oxidation in the temperature range of 950°-1150°C for hundreds of 
hours, chromium coatings allowed oxygen contamination of the columbium to 
occur as low as 950°C. A coating of LM-5 (Mo-Si-Cr-B-Al) prevented all re- 
action for about 1000 hr at 1150°C and 100 hr at 1500°C. The LM-5 coating be- 
haved well under stress and exhibited some self-healing properties and ther- 
mal shock resistance. The latter two properties can be increased even further 
by introducing an alloy layer of the Cb-Ti-Cr-Al-Ni type between the LM-5 
and the columbium article. This duplex coating retained the static exposure 
resistance and strain-rate insensitivity of the LM-5, while being able to with- 
stand 30 water-quenches from 1150°C before failure. These results indicate 
that satisfactory protection can be obtained for very simple columbium shapes. 
The coating of shapes large and complex enough to represent a commercially 


significant component is still an unsolved problem. 


The high melting point (2450°C), medium density 
(8.6 g/cc), and low thermal neutron cross section 
(1:1 barns) of pure columbium have served to 
stimulate research on Cb-base alloys for elevated 
temperature structural applications. With the ex- 
ception of nuclear applications, Cb-base alloys are 
generally being considered for service in the tem- 
perature range of 1000°-1400°C, a temperature 
range within which alloys with adequate mechanical 
properties can be suggested (1). 

Due to the low vapor pressure and high melting 
point of the oxidation products, the problem of de- 
signing a satisfactory coating for Cb appears to be 
easier than for many of the other refractory metals. 
Cb.O., the predominant oxide formed on oxidizing 
pure Cb, melts above 1450°C and possesses a very 
low vapor pressure below 1400°C. In a coated Cb 
body, therefore, the problem of interaction with a 
corrosive liquid oxide will not be encountered below 
1450°C, and the low vapor pressure of the oxidation 
products will not produce the physical disintegra- 
tion of the coating-metal interface that is observed 
in the case of molybdenum- and tungsten-base sys- 
tems. Columbium, however, possesses a large solu- 
bility for oxygen and nitrogen, and if the coating 
should allow the diffusion or penetration of these 
elements into the columbium body, the resultant 
embrittlement might prove as disastrous as actual 
failure by oxidation. 

The limited work on coatings for Cb which has 
appeared in the literature has not been encourag- 
ing. Beach (2) evaluated the possibility of electro- 
plating Cb with Fe, Ni, Cr, or Pt. Due to the cathodic 
charging of hydrogen during plating, only very thin 
electroplates of Fe were found to adhere well. None 


1 Present address: Flight Propulsion Laboratory, General Electric 
Company, Cincinnati, Ohio. 


of these electrodeposited coatings were oxidation 
resistant enough to warrant further attention. 
Hirakis (3) has reported some exploratory results 
obtained in a program directed at developing a high- 
temperature coating for columbium. The more 
promising coatings consisted of Al-Ni-Cr-Fe-Si 
combinations, but none of them could withstand 1 
hr at 1370°C. 


Experimental 


General procedure.—Since the main objective of 
this study was to determine the degree of high- 
temperature stability that an oxidation-resistant 
coating can impart to a Cb article, no experimenta- 
tion on coating techniques was attempted. Plasmarc 
(4), detonation-gun (5), and gun-metallizing proc- 
esses were used to apply the different coatings 
studied. In all cases, standard operating techniques 
(6) were employed in applying the coatings. Al- 
though this approach allowed the study of a large 
variety of coatings, the practical application of the 
resultant data is limited to the simple sample geom- 
etries that can be coated by the above processes. 

Two main types of coatings were evaluated during 
this study. The first consisted of generally available 
oxidation-resistant alloys: CbAl,, NiAl, ZrO., unal- 
loyed Cr and 302 stainless steel (18-8), Nichrome V 
(80% Ni, 20% Cr), LA-4 (70% Nichrome V + 30% 
Al,O,), and, LM-5 (40% Mo, 40% Si, 8% Cr, 2% B, 
10% Al). 

The second type was duplex coatings consisting 
of an outside layer of chromium or LM-5 superim- 
posed on an inner layer of an oxidation-resistant 
Cb-base alloy of the Cb-Ti-Cr-V-Al family. The 
Cb-Ti-Cr-V-Al alloys were selected on the basis of 
their good oxidation resistance to act as a transition 
layer between the outside coating and the colum- 
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bium article. The composition of these alloys is 
given in Table I, while the oxidation resistance of 
one of them (D-947) is compared with Cb and 
stainless steel in Table II. 

The behavior of the different coating materials 
was studied by applying the coating in question to 
Cb by either the Plasmarc or detonation-gun tech- 
niques and evaluating its protective nature under 
various test conditions. Throughout this study, cold- 
swaged Cb with the analysis given in Table III was 
used. 

Five types of tests served to determine the de- 
gree of protection afforded by the coating. All coat- 
ings were first subjected to exposure in static air 
at constant temperature until failure. Those coatings 
which showed promise in this test were re-evaluated 
on the basis of the amount of oxygen or nitrogen 
contamination which the base metal suffered. The 
coating systems which still appeared promising were 
further evaluated for thermal shock resistance and 
self-healing properties, as well as behavior under 
stress. In all the tests, the criterion for failure was 
the first appearance of Cb.O, as determined by 
visual examination of the specimen. 

Static testing—The static exposure test con- 
sisted of heating the coated body on an alumina 
holder in an open-end, horizontal tube furnace. The 


Table |. Chemical analyses of coating alloys* 


Columbium Alloys 
Composition, weight per cent 


Powder 

type No. Cb Ti Cr Vv Fe Ni Al 
D-945 44.7 323 149 4.84 — — 4.24 
D-947 43.6 31.1 10.2 — 0.76** 99 3.18 
D-948 43.9 30.4 9.76 — 115 — 3.10 
G-418 42.2 28.7 11.1 9.2 3.4 


Normal Composition of LM-5 
Mo si Cr B Al 


Usable range (7) 30-60 20-50 5-25 1-5 5-20 
Used in this study 40 40 8 2 10 


* After grinding to minus 325-mesh powder. 
** Picked up during grinding to powder. 


Table 1. Comparison of the oxidation resistance of D-947 


100-Hr weight gain (mg/cm?) 
for exposure in pure oxygen at 


Material 800°C 1000°C 1200°C 
Pure columbium 3630 6670 24,000 
47% Cb-30% Ti-10% Cr- 

10% Ni-3% Al(D-947) 5.58 19.3 229 
304 Stainless steel 2.13 8.64 839 
316 Stainless steel 491 41.6 131 


Table II. Chemical analysis of columbium used 


Element wt 
Carbon 0.036 
Oxygen 0.05 
Nitrogen 0.014 
Tantalum 0.12 
Iron <0.01 
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Fig. 1. Appearance of coated specimens after failure. 
From left to right: Nichrome V coating oxidized through 
after 104 hr at 1150°C; 302 stainless steel-coated specimen 
showing signs of fusion (8 hr; 1150°C), failure of CbAI; 
coating (22 hr; 950°C) due to porosity, local failure of LM-5 
coating (192 hr, 1150°C), and Cr-coated specimen which 
failed on heating due to poor bonding. 


specimen was either a 3/16- or 1/4-in. diameter rod 
with hemispherical ends. Each coating type was 
tested at 950°C and, if the results warranted it, at 
temperatures of 1150°-1500°C. At 1500°C, however, 
alumina holders were found to react with the LM-5 
coating, and pure MoSi, containers had to be used. 
To guard against excessive thermal shock, speci- 
mens were introduced into the hot zone gradually 
and not removed until failure had occurred. 

Figure 1 illustrates the visual appearance of char- 
acteristic specimens after failure. Most of the static 
failures which are noted for each sample in Table IV 
were due to: (a) general oxidation of the coating 
often accentuated by some local weakness; (b) po- 
rosity through which the Cb oxidized; (c) large 
local weaknesses or thin spots which allowed pre- 
mature failure; and (d) exfoliation due to poor as- 
coated bond strength. 

Coatings such as LA-4, NiAl, some of the Cr coat- 
ings, and all the duplex Cr Cb-base alloy specimens 
failed by exfoliation within 1 hr after reaching 
temperature. The visual appearance of a Cr-coated 
sample (Fig. 1) exemplifies this type of failure 
which originated at the coating-metal interface due 
to excessive thermal expansion stresses on heating 
or a poor as-plated bond. 

Gross as-plated porosity was the defect princi- 
pally responsible for the premature failure of the 
ZrO, and CbAI, coatings. The columbium oxides 
growing in the pores physically disrupted the coat- 
ing. The best ZrO.- and CbAlI,-coated specimens 
lasted only 5 and 22 hr, respectively, at 950°C. 

Nichrome V, 302 stainless steel, Cr, LM-5, and the 
LM-5 plus Cb alloy duplex coatings failed by the 
general oxidation of the coating until the Cb base 
became exposed. This process, however, rarely goes 
to completion, failure usually being accentuated by 
a crack, thin spot, or other form of local coating 
discontinuity. In general, Nichrome V, 302 stainless 
steel, Cr, and various LM-5 combinations provided 
adequate protection for hundreds of hours at 950°C. 

Failure caused by general oxidation is typified in 
Fig. 1 by a Nichrome V-coated specimen. At 1150°C, 
failure of stainless steel coatings was accentuated 
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Coating type 


LA-4(70% Nichrome 


30% Al.Os) 
NiAl 


Nichrome V 
Nichrome V 
Nichrome V 
Nichrome V 
Nichrome V 
Nichrome V 
Nichrome V 


302 Stainless steel 
302 Stainless steel 
302 Stainless steel 


CbAIL, 
CbAI, 


ZrO: 


Chromium 
Chromium 


Chromium 
Chromium 
Chromium 
Chromium 


Chromium 
Chromium 


COATINGS FOR COLUMBIUM 


Table IV. Static exposure testing of coated columbium in air 


Applied by 


D-gun 
D-gun 


D-gun 
D-gun 
D-gun 
Metallized 
Metallized 
Metallized 
Metallized 


D-gun 
D-gun 
D-gun 
D-gun 
D-gun 
D-gun 


Plasmarc 


Plasmarec 
Plasmarc 


Plasmarc 
Plasmarc 
Plasmarec 
Plasmarc 


Plasmarc 
Plasmarc 


Thickness, mils Test temp, °C 


5.0* 


an uo 


Chromium + D-945 Plasmarc 


w 


LM-5 
LM-5 
LM-5 


D-gun 
D-gun 
D-gun 


LM-5 
LM-5 
LM-5 
LM-5 


Plasmarc 
Plasmarc 
Plasmarc 
D-gun 


ooo 


LM-5 D-gun 


LM-5 
LM-5 
LM-5 


LM-5 + D-945 
LM-5 + G-418 


D-gun 4.0 
D-gun 4.5 
Plasmarc 4.5 


4.0 + 5.0 
4.0 + 4.0 


Plasmarc 
D-gun 


LM-5 + G-418 D-gun + 4.0 + 4.0 


Plasmarc 


* Average thickness of all samples tested 


Life, hr Remarks 


950 All samples failed on heat- 
ing (3 samples) 


All samples failed on heat- 
ing (3 samples) 


Local failure 

General oxidation 
General oxidation 
Local failure 

General oxidation 
General oxidation 
General oxidation 


Local failure 
General oxidation 
General oxidation 


Porous coating 
Porous coating 
Porous coating 


Coating exfoliated, poros- 
ity 

General oxidation 

Failed on heating, exfoli- 
ated 

General oxidation 

Local failure 

Failed on heating, exfoli- 
ated 

Failed on heating, exfoli- 
ated 

Coating exfoliated 

Coating exfoliated 


All suffered local failure 
or failed on heating (7) 


Local failure 

General oxidation 

General and local oxida- 
tion 

No failure some oxidation 

No failure some oxidation 

General oxidation 

Local failure, general oxi- 
dation 

Local failure, general oxi- 
dation 

General oxidation 

General oxidation 

Reacted with holder 


No failure some oxidation 


1500 108 
1500 >6 to 10 


1150 >1050** 


1250 672 Cracked on cooling from 
furnace 


1500 >6 to 10 Reacted with holder 


** Drilled for self-healing tests, re-exposed for 138 hr at 1050°C with no further deterioration of undamaged areas. 


by local fusion, which probably involved melting of 
the oxide mixtures of Fe and/or Cr, and Cb. 

Data presented in Table IV indicate that same 
3- to 4-mil thick coatings of 302 stainless steel, Cr, 
Nichrome V, and LM-5 can protect Cb under static 
conditions at 950°C for 350, 500, 550, and 700 hr, re- 
spectively. At 1150°C, 302 stainless steel, Cr, Ni- 
chrome V, or LM-5 coatings of the same thickness 
will protect columbium for 8, 100, 165, and in excess 
of 1050 hr, respectively. LM-5 retains its protective 
nature to much higher temperatures. A 4.5-mil coat- 


ing provided 840 hr of protection at 1250°C, and 
the same thickness sufficed for about 100 hr at 
1500°C. The static oxidation behavior of the duplex 
LM-5 plus Cb alloy combination is governed by the 
outer LM-5 layer, the life to failure of this two- 
layer coating being similar to that of the straight 
LM-5 coating. Thicker coatings are, of course, more 
protective. 

If the life of an adherent and dense coating on 
Cb depends on the time for which the coating can 
withstand oxidation at temperature, the results pre- 
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Table V. Correlation factor for static exposure behavior of 
some coatings on columbium 


x 


coating T t, K*, 
thickness, test life in 
Coating type mils temp, °C in hr mils*/hr 


Pure Cr 4.0 950 555 0.029 
Pure Cr 7.5 1150 165 0.34 
Nichrome V 4.5 950 500 0.04 
Nichrome V 4.5 1150 104 0.19 
Nichrome V 10.0 1150 500 0.20 
Nichrome V 10.0 1250 25 4.0 
Nichrome V 10.0 1250 25 4.0 
302 Stainless steel 4.5 950 366 0.55 
302 Stainless steel 4.5 1150 8 2.50 
LM-5 3.0 950 700 0.013 
LM-5 3.0 1150 192 0.047 
LM-5 7.5 1150 1008 0.052 
LM-5 8.0 1150 1050 0.061 
LM-5 4.5 1250 840 0.024 
LM-5 6.5 1250 680 0.062 
LM-5 4.5 1250 672 0.03 
LM-5 4.0 1500 84 0.19 
LM-5 4.5 1500 108 0.187 


* Calculated from K x?/t. 


sented above can be described by the following 
empirical equation: 
X* = Kt [1] 


where X is coating thickness in mils (in. x 10°), 
t is life of the coating in hours under static exposure 
to air, and K is proportionality constant in units of 
(mils)*/hr. 

The validity of this equation in predicting the 
life to failure can be judged by referring to Table V, 
which lists the values of the constant K for pure 
Cr, Nichrome V, 302 stainless steel, and LM-5 over 
the temperature ranges used in the static evaluation. 
The constant K in Eq. [1] can be used to estimate 
roughly the life of a particular coating for any 
thickness or temperature condition. Using these 
values for K, it is possible to show that a 1-mil 
coating of 320 stainless steel, Cr, Nichrome V, and 
LM-5 will protect Cb for 10 hr at about 700°, 1050°, 
1060°, and 1400°C, respectively (Fig. 2). 

LM-5 is the only coating which can be used effec- 
tively above 1250°C. Both Nichrome V and Cr are 
effective for long-time service only below 1150°C, 
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Table Vi. Hardness traverses of coated columbium 


°c LIFE OF 1MiL_ THICK COATING 
1500 | UNDER STATIC EXPOSURE ap 


1400 - 


Nichrome 
O—OLM-5 
1300+ 


o oo 
1200 | 2200 
N00} 2000 
1000: 00? 
1800 
° 4S. 
10 100 


LIFE IN HOURS (t)) 


Fig. 2. Correlation of life to failure against test tempera- 
ture for a number of coating systems as reduced to a |-mil 
coating thickness by Eq. [1]. 


with Nichrome V being slightly preferred above 
1050°C, while Cr is superior below 1050°C. The 302 
stainless steel is considerably less protective, being, 
however, extremely useful for long-term service 
below 1000°C. 

Contamination of coated columbium.—The amount 
of oxygen or nitrogen contamination which occurred 
during static exposure tests was determined by met- 
allographic and microhardness techniques. The 
thicknesses and hardnesses of the contamination and 
interdiffusion bands which developed during static 
testing of the more promising coatings are given in 
Table VI. In some cases, the oxygen contamination 
of the Cb substrate is also reported on the basis of 
the average vacuum-fusion oxygen analysis of the 
specimen after removal of the coating. A plot of 
Vickers microhardness against distance from the 
coating-metal interface is given for some of the 
specimens after air exposure at 1150°C in Fig. 3. 

The hardness increases noted are due to two 
sources, the first being the solution of the coating 
constituents in the Cb during service. This accounts 
for the 3- to 10-mil thick “interfacial’’ hardened 
layers found in all samples coated with LM-5, LM-5 
plus D-945, or stainless steel and Nichrome-coated 
bodies tested at 950°C. Chromium coatings at all 
temperatures tested and Nichrome V coatings at 


Interfacial Interior Oxygen 
hardness band hardness band analysis on 
Cb after 
Test Time at V.P.H. Band Max. Band removal of 
Coating temp, *C temp, hr range width, mils VP.H. width, mils coating 
Nichrome V 950 23 205-160 6.0 140* None 0.07% 
Nichrome V 1150 500 225-200 3.0 200 2500** — 
302 S.S 950 366 172-160 6.0 150* None 0.08% 
Cr 950 555 300-240 7.0 200 1250** 0.49 % 
Cr 1150 40 250-220 10.0 210 70.0 0.13% 
LM-5 950 700 150-140 6.0 125* None 0.06% 
LM-5 1150 1008 150-140 3.0 130* None — 
LM-5 1150 1050 175-160 6.0 150* None — 
LM-5 1250 840 300-170 5.0 120* None — 
LM-5 + D-945 1150 1050 295-1604 4.0+ 130* None _ 


* Equivalent to initial hardness, no hardening outside of thin band next to coating interface. 


** Whole specimen contaminated to this hardness level. 
t Includes width and hardness of D-945. 
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Fig. 3. Microhardness profiles of Cb metal adjacent to the 
coating interface. All samples exposed at 1150°C for times 


equivalent to the limit for each type of coating. The hardness 
increases stem from two sources. The first represents the solu- ¢: 
tion of the coating in the first 2-5 mils of the coated body. 


The second, as exhibited by the samples coated with Cr or 
Nichrome V, reflects the contamination of the specimen by 
atmospheric gasses. 


1150°C, however, appear to permit the hardening 
of the Cb by the introduction of oxygen and/or 
nitrogen. This contention is borne out by the vac- 
uum-fusion oxygen analyses tabulated in Table VI. 
It is possible to conclude that stainless steel and 
Nichrome V at 950°C and LM-5 or LM-5 plus D-945 
coatings at all temperatures tested protect Cb from 
oxygen embrittlement and are insoluble enough in 
the Cb article to produce only a thin interdiffusion 
layer. 

The mechanism of contamination is believed to 
be the diffusion of oxygen and nitrogen through the 
coating or through Kirkendall pores that form 
readily, especially in the case of Cr coatings. The 
characteristic Kirkendall porosity and the presence 
of discrete oxide particles which formed during ex- 
posure are clearly visible in the chromium and Ni- 
chrome coatings after exposure at 1150°C (Fig. 4a 
and 4b). Although the LM-5 coating had almost 
completely oxidized away after 840 hr at 1250°C 
(Fig. 4c), the remaining material was unaffected, 
and little or no oxygen contamination took place. All 
of these observations were made on samples whose 
as-plated coating was dense and free of porosity. 


° 


Fig. 4a. (top) 7.5 mils Cr (far left). Sample exposed 40 
hr at 1150°C. Note porosity which could act as a source 
of oxygen contamination. Microhardnesses, center line: 252, 
252, 256, 240, 236, 228, 211 V.P.N. (left to right). 

Fig. 4b. (center) 10 mils Nichrome V (partially visible at 
far left). Sample exposed 500 hr at 1150°C. Note wide zone 
of intermetallic compounds and porosity in Nichrome V. In 
Fig. 4a and 4b the porosity formed during exposure and was 
not present in the as-plated condition. Microhardnesses, cen- 
ter line: 225, 202, 208, 214, 205, and 225 V.P.N. (left to 
right). 

Fig. 4c. (bottom) 4.5 mils LM-5 (far left). Sample exposed 
840 hr at 1250°C. Microhardnesses, center line: 410, 247, 
177, 128, 116, 110, 112, 106, and 110 V.P.N. (left to right). 
Unetched. Magnification 200X before reduction for publica- 
tion. 


Thermal shock testing.—Since only LM-5 or LM-5 
plus the Cb alloy duplex coatings withstood gross 
oxidation and contamination under static conditions 


Table Vil. Thermal shock testing of LM-5 and duplex-type coatings from 1150°C 


Type and Life 
Coating type Thickness, mils No. of cycles in hr* Remarks 

LM-5 7.5 31 A.C. 194 No failure 

LM-5 7.5 27 A.C. 167 No failure 

LM-5 7.5 3 W.Q. 142) W.Q. started after 120 
, hr previous static ex- 

LM-5 7.5 5 W.Q. 154) posure 

LM-5 + D-945 4.0 + 4.0 7 W.Q. 136 Local crack 

LM-5 + D-947 4.0 + 3.0 30 W.Q. 267 Local crack 

LM-5 + D-947 4.0 + 3.0 24 W.Q. 188 Local crack 

LM-5 + D-948 4.0 + 3.0 21 W.Q. 248 Local crack 

LM-5 + D-948 4.0 + 3.0 os 1 Local failure 

i. A.C., Specimen removed from furnace and air-cooled three times per 24-hr period to room temperature and i diately repl d 
W.Q., As above only directly quenched in water. 


*, Total time at temperature between thermal cycles before failure. 
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at 1150°C, only these types of coatings were evalu- 
ated for thermal shock properties. LM-5 coatings 
withstood, without failure, in excess of 30 air-cool- 
ing cycles from 1150°C (Table VII) but failed after 
3-5 water-quenching cycles. The behavior of the 
duplex coatings was markedly better. In particular, 
the LM-5 plus D-947 (Cb-Ti-Cr-Al-Ni) or LM-5 
plus D-948 (Cb-Ti-Cr-Al-Fe) combinations with- 
stood 21-30 water-quenches before local failure oc- 
curred. 

The excellent thermal shock resistance of the 
duplex coatings at 1150°C can be associated with 
the presence of small amounts of liquid phase in the 
Cb-Ti-Cr-Al plus Fe or Ni alloy. Although the 
amount of liquid phase formed at 1200°C in an alloy 
of this type is some 20-30 volume %, the loss of the 
low melting point constituent during Plasmarc plat- 
ing reduces the amount of liquid phase present in 
the as-plated D-947 composition to about 5%. Fig- 
ure 5 illustrates the microstructure of such a duplex 
coating. 

Self-healing properties of LM-5 coatings.—The 
self-healing tendencies of punctured LM-5-type 
coatings were measured on three samples, two of 
which had been coated with the straight LM-5 coat- 
ing, while the third had been coated with a duplex 
combination of LM-5 plus D-945. All three speci- 
mens had withstood in excess of 1000 hr exposure at 
1150°C without failure. After this exposure, the 
three specimens were drilled to produce equally 
spaced damaged areas, 0.0135, 0.02, 0.031, and 0.04 
in. in diameter with a depth slightly in excess of the 
coating thickness. The specimens were then exposed 
again in air at 1050°C to determine the amount of 
oxidation that would occur through the punctured 
coating. 

After 18 hr at 1050°C, appreciable oxidation oc- 
curred at each damaged area for specimens covered 
with the LM-5 coating, producing small protuber- 
ances of Cb.O,, some 1/32 in. high. The amount of 
oxidation which occurred in the LM-5 plus D-945 
coated specimen after 18 hr at 1050°C was much 


Fig. 5. Duplex coating of LM-5 (top) and D-947 (center) 
on Cb (bottom). After 188 hr at temperature and 37 water- 
quenches from 1150°C. Unetched. Magnification 200X be 
fore reduction for publication. 
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Fig. 6. Resistance of LM-5 coating to oxygen penetration. 
7.5 mils LM-5 exposed 1008 hr at 1150°C. then drilled to 
damage coating and re-exposed for 138 hr at 1050°C. Note 
arcs of oxygen-contaminated Cb originating at areas of 
damage. Hardness of contaminated Cb 180 V.P.N.; uncon- 
taminated 140 V.P.N. Etched with 1HF: 1HNO,: 2 Glycerol. 
Magnification 7X before reduction for publication. 


less. Following this visual examination, the speci- 
mens were re-exposed at 1050°C for a further 120 
hr. The specimens were then sectioned and exam- 
ined metallographically to determine the amount of 
oxygen contamination and metal conversion to oxide 
that resulted in the areas of coating damage (Fig. 
6). The results of these measurements are given in 
Table VIII. 

These data illustrate that the straight LM-5 coat- 
ing, when damaged by the removal of an area some 
40 mils in diameter, allows the oxidation of only 
80 mils of Cb to take place in 138 hr at 1050°C. Un- 
coated Cb under the same conditions would react 
with air to produce an oxide penetration, or metal 
loss rate, of some 400-700 mils. The LM-5 coating, 
therefore, reduces the amount of penetration that 
occurs by a factor of at least five. The system is thus 
partially self-healing, or at least not very sensitive 
to fairly extensive coating damage. The behavior of 
the LM-5 plus D-945 coating was about the same 
as the straight LM-5 for holes of 40 mils diameter 
but appreciably better for pores of smaller diameter. 
This is shown in Fig. 7 which presents a plot of 
depth of oxidation below each pore vs. diameter of 
pore for LM-5 and LM-5 plus D-945 coatings ex- 
posed at 1050°C for 138 hr. Although the LM-5 plus 
D-945 combination is much more self-healing for 
coating discontinuities in the size range of 20-30 
mils, the LM-5 and LM-5 plus D-945 coatings be- 
haved much the same with pores produced in the 
size range above 30-40 mils. The amount of oxygen 
contamination which occurs through the damaged 


Table Vill. Self-healing in LM-5 and LM-5 + D-945 coatings 


A 
7.5 mil LM-5; drilled 4.0 mil LM 5 + 5.0 mil 
and exposed at 1050°C D-945; drilled and ex- 
for 138 hr posed at 1050°C for 138 hr 


Depth, mils, of Depth, mils, of 


Diam- Oxygen Oxygen 
eter of Oxide* contami- Oxide* contami- 


pore, mils penetration nation penetration nation 


13.5 32 2000 22 1200 
20.0 50 1600 32 1200 
31.0 75 2700** 42 1600 
40.0 80 2300 75 2000 


* Pure, unclad Cb under same conditions would — an oxide 
10-8 


penetration or metal loss value of some 400-700 


* Exceeds 0.25-in. specimen diameter; contami- 


nation are geometry. 
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Fig. 7. Relation of depth of metal consumed and diameter 
of artificially created discontinuity as a measure of the self- 
healing tendency of LM-5 and the duplex LM-5 + D945 
coatings. 


coating is, however, about the same as might be ex- 
pected from oxygen diffusion in columbium. The 
oxygen contamination data given in Table VIII for 
pores of different diameter indicate that the LM-5 
plus D-945 combination is slightly superior to the 
straight LM-5 coating in preventing oxygen con- 
tamination through the damaged area. Although the 
rate of oxygen contamination through the artificially 
damaged coating was rapid in both cases, no con- 
tamination occurred in areas where the coating was 
dense, even though most of these coated bodies had 
been tested in excess of 1000 hr, in air, at 1150°C 
before the coatings were punctured. 

Creep-rupture testing of LM-5-coated columbium. 
—Conical, creep-rupture specimens of Cb, coated 
with 6-7 mils of LM-5 or with 4 mils of LM-5 plus 
4 mils of G-418 (46% Cb-30% Ti-10% Cr-4% 
Al-10% Ni alloy), were tested in creep-rupture in 
air at 1093°C (2000°F). Before testing, the speci- 
mens were screened by exposing them at 1150°C 
for 24 hr. Specimens containing as-plated inhomo- 
geneities or discontinuities in the coating were thus 
eliminated. 

The results obtained are presented in Table IX 
in terms of the creep rate measured during the first 
and second stages of creep as well as the time in- 
terval of the creep-rupture test during which each 
stage operated. The results did not permit any differ- 
entiation in the behavior between the LM-5 and the 
LM-5 plus G-418 duplex coating. The time to rup- 
ture is plotted in Fig. 8 which compares the stress- 


Table IX. Creep-rupture testing of coated columbium” in air at 1093°C (2000°F 
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Fig. 8. Stress-rupture properties of unalloyed Cb; uncoated, 
in vacuum and coated wth the duplex coating, in air. 


rupture properties of the LM-5-coated specimens in 
air at 1093°C with the stress-rupture properties 
of electron beam melted high-purity Cb tested in 
vacuum by Gemmel (8) and an estimated curve for 
columbium of the purity used in this coating study. 

Comparison of the stress-rupture results of LM-5- 
coated Cb in air with comparable purity Cb tested 
in vacuum indicates that the 100-hr life in air of the 
coated Cb is almost identical to that exhibited by 
Cb in vacuum. At higher stresses, which produce 
creep rates in excess of that to which the coating 
can accommodate itself, lower creep-rupture prop- 
erties are obtained. By referring to creep rates pre- 
sented in Table IX, it appears that the LM-5 coat- 
ing or the LM-5 plus G-418 duplex combination is 
resilient enough to withstand creep rates of the 
order of 2-3%/hr as experienced during the first 
stage of creep for time intervals of 3-5 hr. Creep 
rates of the order of 0.1-0.2%/hr can be withstood 
for hundreds of hours without reducing the stress- 
rupture properties inherent in the columbium body. 

Discussion 

The results of this study indicate that coatings of 
302 stainless steel, Cr, Nichrome V, and LM-5 can 
be used to allow the high-temperature service of 
coated Cb structures in air. The upper service limit 
of Type 302 stainless steel, Cr, and Nichrome V was 
found to be about 1100°C. For prolonged service, 
302 stainless steel coatings should not be used in 
excess of 1000°C, while thick Nichrome coatings 
could perhaps be used as high as 1150°C. These tem- 
perature limits do not allow for the fact that Cr- 


Creep rate, Time in hours 
in./in./hr during to end of 


Coating thick- Stress, First Second First Second Hours to 
Coating type Applied by ness, mils psi stage stage(M.C.R.) stage stage rupture 
LM-5 D-gun 7.0 5,000 2.68 0.166 3.0 120.0 123.0 
LM-5 D-gun 6.0 10,000 50.0 21.5 0.1 0.24 0.25 
LM-5 + G-418 Plasmare + D-gun 4.0 + 4.0 5,000 2.33 0.103 5.0 123.0 124.0 
LM-5 + G-418 Plasmare + D-gun 4.0 + 4.0 5,000 8.0 1.17 1.0 7.0 9.4 
LM-5 + G-418 Plasmare + D-gun 4.0 + 4.0 7,000 16.7 7.15 0.2 1.6 2.0 


Before testing, the specimens were heated for 24 hr at 1150°C (2100°F). Two specimens failed under this test and were not tested in 
creep-rupture. 


* At 2000°F and in inert atmosphere, the ultimate tensile strength of this lot of Cb is about 12,000 psi, and the stress for 100-hr life 
in vacuum is about 6000 psi. 
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coated Cb bodies were found susceptible to oxygen 
penetration through the coating at temperatures as 
low as 950°C, while Nichrome V-coated bodies suf- 
fered the same type of embrittling contamination at 
1150°C. All of these results were obtained with 
dense and porosity-free coatings. 

Of all the coatings tested, the most satisfactory 
was the LM-5 (Mo-Si-Cr-B-Al alloy) coating or its 
duplex modifications. Coatings of this type were 
protective above 1100°C at which temperature a 
5-mil thick coating of LM-5 suffices for about 700 hr. 
Indeed, even at 1500°C, 4.5 mils of LM-5 protected 
columbium from oxidation for 108 hr. 

In addition to static protection, the straight LM-5 
coating resists oxygen contamination of the Cb body 
during service, possesses considerable resilience un- 
der stress, and at least some self-healing and ther- 
mal shock resistance. In addition, at 1093°C, LM-5- 
coated Cb exhibits the same stress-rupture prop- 
erties in air as uncoated Cb would exhibit when 
tested in high vacuum. The behavior of the LM-5 
coating on Cb exceeds, or at least equals, the be- 
havior of the best coatings on Mo. Even further im- 
provements in regard to the self-healing and ther- 
mal shock properties of the LM-5 coating can be 
obtained by precoating the Cb article with an alloy 
of the Cb-Ti-Cr-Al-(Ni or V) family. Such duplex 
coatings retain the static exposure, oxygen contami- 
nation, and resilience under stress exhibited by the 
LM-5 coating while improving its self-healing and 
thermal shock properties. An undercoating of 3.0 
mils of D-947 (47% Cb-30% Ti-10%Cr-10% Ni- 
3% Al), for instance, allowed an LM-5 coated body 
to withstand 24-30 water-quenches from 1150°C be- 
fore failure. ; 

Factors affecting coating behavior.—As a result of 
these tests, a series of generalizations can be made. 
In the first place, the coating must be oxidation re- 
sistant enough to withstand exposure at tempera- 
tures where Cb alloys can be economically used. The 
exploitation of Nichrome, Cr, and stainless steel is 
primarily limited by their decreasing oxidation re- 
sistance above 1100°C. More oxidation-resistant ma- 
terials such as NiAl, CbAl,, or zirconia were not 
found satisfactory due primarily to the difficulty of 
depositing adherent and porosity-free coatings. The 
LM-5 coating provided the best combination of as- 
plated adherence and density with excellent oxida- 
tion resistance, the latter property stemming directly 
from its molybdenum disilicide characteristics, a 
material in which the rate of oxidation between 
1100°-1550°C is almost insensitive to temperature. 
This property stems from the silica film that de- 
velops by vaporization of the Mo as molybdenum 
trioxide and the retention of the Si in a silica film 
tightly adhering to the body. This mechanism pro- 
vides a renewable film of a tightly adherent oxide 
which, however, does not form readily below 
1100°C, especially in flowing air, and is not stable 
above 1550°C, where SiO becomes a volatile species 
(9). These limitations in the oxidation behavior of 
pure molybdenum disilicide are partially overcome 
by the addition of Cr, B, and Al which are present 
in the LM-5 coating designed by Weatherly and Co- 
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nant (7). The high-temperature oxidation products 
on LM-5 consist of a layer of mullite (3A1.0,-2SiO.) 
and cristobalite. In addition, the presence of B and 
Cr aids in the development of oxidation-protective 
films at a temperature below that needed for the 
formation of the mullite and cristobalite combina- 
tion. Although the experimental data and the na- 
ture of the oxidation process of LM-5 suggest that 
this coating could be used to 1550°C or above, such 
temperatures should be considered only for non- 
critical components. This limitation is imposed by 
the melting point of Cb.0,(1450°C), and the con- 
sideration that liquid oxidation products would pro- 
duce catastrophic failure whenever a coating dis- 
continuity should occur. 

The improved thermal shock resistance and self- 
healing properties of the duplex LM-5 plus Cb alloy 
combination are believed to be due to the small 
amount of liquid phase that forms in the Cb alloy 
layer. Although the amount of liquid phase present 
at about 1200°C in the as-plated subcoating is not 
believed to exceed 5-10 volume %, this amount ap- 
pears sufficient to absorb and even out the shear 
stresses that are produced at the coating-metal in- 
terface on thermal cycling. In addition, if the LM-5 
coating should be damaged, the smali amount of 
liquid phase, rich in the elements Ti, Ni, Cr, V, and 
Al which improve the oxidation resistance of Cb, can 
seep into the crack. As there is some experimental 
evidence to show that the amount of liquid phase 
that forms in a Cb-Ti-Cr-Ni-Al alloy at 1200°C is 
decreased by oxygen contamination, it is possible 
to propose that, once the crack has been partially 
infiltrated with the Cb-base alloy, oxygen contami- 
nation will raise the melting point of the infiltrated 
material to the point that solidification occurs. 


Conclusions 


A variety of coatings can be used to protect Cb at 
elevated temperatures. Type 302 stainless steel, Ni- 
chrome V, and Cr can be exploited best below 
1100°C with the limitation that Cr coatings allow 
oxygen contamination of the base metal to occur as 
low as 950°C. For high-temperature, high-strength 
applications above 1150°C, the LM-5 or LM-5 du- 
plex coatings appear most promising. 

Unalloyed Cb was used in this study to evaluate 
the coating material under more stringent condi- 
tions than those which would have been experi- 
enced if an oxidation, or oxygen-contamination-re- 
sistant, alloy had been used. However, since the 
geometry of the specimens used was such as to 
eliminate sharp radii of curvature from the coated 
shape, the results obtained cannot be extrapolated 
directly to structures with sharp surface discon- 
tinuities. This limitation, as well as the size and 
shape limitations, inherent in the Plasmare and de- 
tonation-gun coating processes do not allow the im- 
mediate extrapolation of these results to commercial 
conditions. Indeed, coatings of the quality tested 
here cannot at present be applied to most actual 
parts of interest. The results of this work are thus 
best regarded as the characterization of the behavior 
of a series of coating systems on Cb. 
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A Study of Pore Structures on Anodized Aluminum 


T. A. Renshew! 
Naval Air Material Center, Philadelphia, Pennsylvania 


ABSTRACT 


It is demonstrated that the presence of surface oxide films on aluminum, 
prior to anodizing in a pore-forming electrolyte, can reduce the number of 
surface pores and the surface roughness compared to that normally obtained 
with fresh aluminum surfaces. Electron micrographs show that, in such a case, 
porous anodization proceeds by the branching of isolated surface pores and 
the development of pore colonies beneath the pre-existing films. The colonies 
are shown to consist of uniform hemispherical arrays of anodization cells which 
grow by continual branching of the internal pore structure. Pore colonies can 
be produced at will by anodizing first in an ammonium tartrate solution and 
then in chromic acid solution. The colonies are not found to be distributed 
uniformly over the surface. With very pure metal, they are found to develop 
largely at those sites where stress cracking of the surface oxide may be ex- 


pected. 


In the course of testing the adhesive properties 
of paints purchased for Naval aircraft, considerable 
variation was encountered in the qualities of the 
anodized aluminum test panels. An electron micro- 
scope study was made to determine what surface 
differences could be found on the various panels 
and why these differences existed. 

Initial work indicated that a prime criterion for 
comparing the adhesive quality of panels was the 
relative number of surface pores per unit area. 
Panels to which paint adhered firmly had very 
rough and porous surfaces, while panels to which 
paint adhered poorly were found to have only a 
relatively few, isolated pores. Differences of adhe- 
sion were assumed then to be related, in a large 
part, to the ability of paint to key itself mechan- 
ically to the porous surfaces. 

Various aspects of anodizing on aluminum then 
were studied to determine the mechanisms by which 
size and concentration of surface pores could be 
varied. One such mechanism is demonstrated and 
discussed in detail in this report. Quantitative ex- 
periments relating controlled or known surface po- 
rosities to paint adhesion have not yet been suffi- 


oo address: Republic Aviation Corporation, Farmingdale, 


ciently sophisticated to provide reliable data; 
however, the information developed in this study 
emphasizes the truism that all electrolyte bath 
parameters as well as other preparation steps should 
be controlled rigorously when preparing test panels 
which are to be used to rate the adhesive quality of 
paints. 

The structural features of the usual porous type 
of anodic oxide formed on clean aluminum surfaces 
in acidic electrolytes have been defined by others 
(1). These films consist of arrays of hexagonal co- 
lumnar oxide cells oriented perpendicular to the 
aluminum surface. As depicted in Fig. 1, each cell 
consists of a body of oxide a central pore, and 
barrier oxide film between the base of the pore and: 
the underlying aluminum. The size of the cells and 
the thickness of the nonporous barrier films are 
effectively direct functions of the voltage employed 
in anodizing. 


Experimental Procedures 
Anodizing was carried out on several types of 
aluminum; Alclad 24ST panels, commercial house- 
hold foil, (99.5%) and high-purity foils (99.97%). 
Most of the data presented in this report are, how- 
ever, based on the high-purity foils because the 
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35 VOLTS, 0.c 
10% CHROMIC ACID SOLUTION 
3x0” 


+ + + 
4 
TIME, MIN 
Fig. |. Structure of a porous anodic oxide film found on a 


clean Al surface. The graph illustrates the characteristic cur- 
rent variations encountered with time, when anodizing at 
constant voltage. 


structural nature of the anodized films is developed 
less ambiguously on these. 

The electrolyte of principal interest for the forma- 
tion of porous films was a 10% (by weight) solution 
of chromic acid. Nonporous barrier-type anodization 
films were formed in 3% tartaric acid solution (ad- 
justed to pH 5.5 by addition of NH,OH) as employed 
by Hass (2). Electrolyte temperatures were held to 
within 0.1°C. 

In most cases the aluminum surfaces were pre- 
conditioned by chemical polishing with Alcoa R-5 
Bright Dip (94 parts of 85% H,PO, and 6 parts of 
70% HNO,).* The voltages employed in these ex- 
periments were chosen principally in order to stay 
within the range of film thicknesses suitable for 
transmission electron microscopy. For nonporous 
films lower voltages produce thin films which are 
difficult to handle and higher voltages produce films 
which are thick enough to reduce the intensity, con- 
trast, and resolution of the images obtained with 50 
kv electrons. Since the thickness of the porous films 
is influenced by other factors in addition to voltage, 
such as time and temperature, these also were con- 
trolled suitably to obtain adequate images. 

When oxide films were required for electron mi- 
croscope examination, they were stripped from the 
base metal by the familiar mercuric chloride tech- 
nique (3) and mounted directly on 200-mesh speci- 
men screens. 

In general, a constant voltage power supply was 
employed which has a high degree of regulation.’ 
Overloading of it at the start of a run was avoided 
by employing small sized panels. Current-time 
curves were obtained by placing pen or stylus-type 
current recorders of low time constant in the ano- 
dizing circuit. 

U. S. Pat. 2,650,157. 
* Sorenson, Model 560, Nobatron Supply. 
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Discussion 
Anodization at Constant Voltage 

While the anodization of aluminum in practice 
and in the laboratory is carried out more frequently 
under constant or near constant current conditions 
so that its progress is followed by observing voltage 
variations, there is much to recommend the practice 
of constant voltage anodization in which current 
variations are studied. For example, constant voltage 
control leads to greater uniformity in the structural 
form of the growing oxide film. The current level 
also directly reflects the rate of formation of the 
oxide layer at any time. This leads then to a more 
realistic interpretation of the effects of the peculiar 
structure of a porous oxide film on the rate of re- 
action. Thus it is possible to interpret readily the 
current excursions which are associated with the 
initial part of an anodization carried out at constant 
voltage. 

Referring to the graph in Fig. 1, the heavy cur- 
rent drain, which decreases rapidly in the first 
minute, is associated with the formation of a barrier 
film over the entire surface. This association is 
based, in part, on the fact that the electrical: charac- 
teristics of the films formed during this period are 
nearly identical with those found for anodization in 
a barrier-type, nonporous oxide-forming electrolyte 
such as ammonium tartrate solution. Current flow 
drops to a minimum at 1 min and solution effects 
then become important as surface oxide sites are 
attacked and pores begin to form. A dynamical bal- 
ance develops between oxide growth and solution 
effects in the pores and, in a short period when the 
entire panel surface is covered with growing cells, 
a plateau is reached in current flow (1, 4). This 
plateau is not entirely flat due to complex effects 
which develop as the pores deepen and further 
changes in current flow with time are usually ob- 
served. Such current-time curves also can be used 
to understand and explain more complex anodiza- 
tion situations such as are discussed below. 


Formation of Pore Colonies 


From the study of electron micrographs of porous 
anodic oxide films stripped from uncleaned speci- 
mens which showed only incipient pore formation 
(2-3 min anodization periods), it was noted that all 
areas of the surface are not subject to immediate 
pore and cell formation as is the case with freshly 
cleaned aluminum surfaces. To test whether surface 
oxide films could alter the distribution and concen- 
tration of surface pores significantly, anodization 
runs were carried out on foils which were pretreated 
in a number of ways. 

In the most striking case, panels were treated by 
pre-anodizing at room temperature in ammonium 
tartrate electrolyte to form thin, nonporous oxide 
films prior to anodizing in chromic acid solution also 
at room temperature. As an example, the normal an- 
odization curve for 35 v in 10% chromic acid solu- 
tion (curve A, Fig. 2) is compared with that obtained 
under the same condition for a specimen which had 
been pre-anodized at 40 v for 5 min in the tartrate 
solution (curve B). The latter sample was delayed 
in attaining plateau level current by 26 min. Less 
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striking delays of 6-12 min were obtained when 
panels were pretreated by being heated in air at 
various temperatures or by immersion in boiling 
water for various time intervals. 

The extension of the time period from the mini- 
mum current point to the beginning of the plateau 
can be interpreted as being due to an inhibition of 
the normal formation of surface pores. The eventual 
rise to normal plateau level current flow can be at- 
tributed to the branching of those pores which do 
develop below imperfection sites in the surface ox- 
ide film. By this branching and spreading beneath 
the relatively impervious surface oxide films, inter- 
face areas and current flows approaching those ob- 
served on clean aluminum foils are obtained even- 
tually. These conditions are obtained some distance 
below the original oxide surface after the branched 
units have grown together. 

To observe this branching effect microscopically 
and under controlled conditions, clean surface films 
some 340A thick were produced by anodizing clean 
aluminum foil first in the ammonium tartrate elec- 
trolyte at 25 v at 30°C for 1 min. The specimens 
then were anodized at 15 v in 10% chromic acid also 
at 30°C. The barrier film formed at the base of cells 
during the chromic acid anodization cannot be 
greater than about 180-200A thick. [13.5A per volt 
of potential is the limiting oxide thickness obtain- 
able (2) under these conditions and the conditions 
at the base of a growing pore would indicate that 
much lower values, = 12A per volt, are in order 
(4).] Ideally then, it should be impossible for cur- 
rent to flow until the 340A surface film has dissolved 
away to a thickness of the order of 180-200A. How- 
ever, the time intervals employed are too short 
for this to occur, and it is concluded that some low 
resistance pathways are present which pass far 
enough through the surface oxide to establish elec- 


ALUMINUM Zs 


4 


NORMAL ANODIZATION 


+ 


CURVE (A) 

| THRU A BARRIER (8) 

+ —+-t +— 
+++ 

TIME, MIN. 


Fig. 2. Formation of pore colonies beneath a surface film 
of barrier oxide. The manner in which current flows with time, 
when anodizing at a constant 35 v, through a thick surface 
oxide film is shown in the graph. The surface film was formed 
by pre-anodizing the specimen at 40 v in ammonium tartrate 
solution. 


Fig. 3. A transmission electron micrograph of an oxide 
film containing colonies which was stripped from aluminum. 
The structure of the internal branching pores may be seen 
in colonies of various sizes. The clear areas are portions of the 
thin continuous nonporous oxide film through which the 


colonies were formed. Preparation: (99.97% Al), a, am- 
monium tartrate solution for 1 min at 25 v, 30°C; b, 10% 
chromic acid solution for 30 min at 15 v, 30°C. 


trical contact with the base aluminum.‘ These paths 
form the source or mother pore for a colony of 
pores. Three steps in the process of colony growth 
are illustrated in the schematic drawing at the top 
of Fig. 2. 

This interpretation is further illustrated with the 
micrograph in Fig. 3 where distinct colonies of cells 
and pores can be seen to be arranged about the 
central mother pores. The view is normal to the 
surface through the nonporous surface oxide film 
and the attached pore colonies. An area containing 
a range of colony sizes was selected in order to show 
various stages in their growth. Single, dual, triple, 
and multiple pore colonies may be seen in outline. 
Figure 4 is a carbon replica of the metal-oxide in- 
terface of a similar specimen, and it confirms the 
very uniform manner in which the colony cells grow 
radially from the central mother pore.° 

It has been observed as the result of many experi- 
ments along these lines that colony formation occurs 
for all such 2-step anodizing conditions as long as 
the voltage for nonporous oxide formation is greater 
than the voltage for pore formation. As the differ- 
ence in these voltages is increased fewer colonies 
form and a longer period of time passes before nor- 
mal plateau level anodization begins. This behavior 
is explicable in terms of the numbers of low resist- 
ance pathways passing far enough through the bar- 
rier oxide to establish electrical contact between 
the electrolyte and base metal. It is assumed that the 
imperfections in the surface oxide have a distribu- 


* Unreported studies by the author have shown that anodic AlsO:; 
dissolves in 10% chromic acid solutions at 30°C at a rate of some- 
what less than 23 A/hr. 


5 Very large colony-type growths of porous oxide already have 
been demonstrated by light microscopy by Edwards and Keller (5). 
These authors showed that semi-circular porous growths developed 
by anodizing in sulfuric acid beneath nonporous surface oxide films. 
The artificial pores at which the growths initiate were created by 
intentional bending and cracking of the nonporous films 
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Fig. 4. A shadowed carbon replica of the oxide side of the 
metal-oxide interface. A grain boundary separates the two 
regions. In the dark colonies the oxide has been only partially 
dissolved away from the carbon replica. Preparation: (99.97 % 
Al), a, ammonium tartrate solution for 5 min at 25 v, 30°C; 
b, 10% chromic acid solution for 128 min at 15 v, 30°C. 


tion.in depth of penetration through the oxide thick- 
ness so that, in conjunction with the reaching dis- 
tance of the potential (voltage x 13.5A) applied in 
the chromic acid anodizing step, only a limited num- 
ber of the imperfections can become active and pass 
current. Thus, for a given thickness of barrier oxide, 
reducing the voltage of the second, pore-forming 
step will also reduce the number of imperfections 
brought into circuit. 

Curves such as B in Fig. 2 also were obtained 
readily by manipulating anodizing voltages in a 
single pore-forming electrolyte such as chromic 
acid solution. In such cases, after starting to anodize 
at some voltage level for 1 min to the minimum cur- 
rent point, the voltage was lowered suddenly by 10 
v or so. A very slow rate of rise to the plateau level 
again is experienced since the cell base barrier film 
produced at the initial voltage necessitates that fur- 
ther anodization proceed by colony formation. In the 
same way any anodization run proceeding at plateau 
level can be stopped off effectively by dropping the 
voltage a suitable increment; the return to normal 
plateau currents will again develop slowly by the 
colony mechanism. 

The radial growth rate of these colonies may be 
determined by stripping the oxide films at various 
times after the chromic acid anodizing has com- 
menced. Figure 5 shows the colonies’ size as a func- 
tion of time. 

Having measured the rate of radial growth of the 
colonies from such a series, it is necessary only to 
know the time period extending from the low point 
in the current-time curve to the beginning of the 
plateau portion in order to calculate the approximate 
number of colonies present per unit area. The rate 
of growth times the period of growth leads to the 
size and hence the area of each colony at the mo- 
ment when they have grown together or coalesced. 
Dividing this area into a unit area leads to an ap- 
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Fig. 5. Transmission electron micrographs of oxide films 
containing pore colonies after (a) 5, (b) 15, and (c), 30 min 
of growth. Preparation: (99.97% Al), a, ammonium tartrate 
solution for 5 min at 25 v, 30°C; b, 10% chromic acid 
solution for 5, 15, and 30 min at 15 v, 30°C. 


proximation of the number of colonies or “surface 
pores” per unit of surface area. The term surface 
pores is employed to denote pores which intersect 
the oxide surface in this special case. 

This method of estimating the number of surface 
pores for adhesion studies was developed because 
of the large uncertainties involved in counting the 
colonies directly from micrographs. As may be 
noted in Fig. 4, these uncertainties arise because the 
populations of colonies vary greatly from grain to 
grain on the aluminum metal. The estimation 
method has a number of drawbacks in that it does 
not account for colonies which start to grow beyond 
the low current point, nor does it consider that some 
grains are much more highly populated with pores 
than others. The method tends to gloss over, but in- 
directly account for these factors, and it therefore 
provides a very averaged value for any large sur- 
face. The tendency for colonies to develop only on 
certain grains is much more striking on the 99.97% 
pure aluminum samples than on samples of lower 
purity. If the colony-forming or porous anodization 
step is prolonged, there is a distinct delineation of 
the grains on the aluminum surface when observed 
under low power microscopy (Fig. 6). The effect is 
that of having two types of grains, one of which is 
brought into relief by more extensive colony forma- 
tion (the dark grains in Fig. 6). Along this line it 
also has been noted in the course of preparing thick 
barrier oxide films that a similar delineation of the 
grain structure occurs through the formation of 
colors of different hues on different grains. Hone 
and Pearson (6) actually demonstrated a variation 
of thickness of porous oxide film over differently 
oriented grains, but in this case the variations were 
attributable to variations in the angle of pore 
growth away from the surface normal. Film thick- 
ness variations actually have not been demon- 
strated in pore free oxide coatings over differ- 
ently oriented grains, although Cabrera and Mott 
(7) suggest that the dislocation densities of dif- 
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Fig. 6. A light micrograph of an anodized aluminum sur- 
face illustrating the growth of large colonies and the relative 
activity of certain grains. (Colonies are the small dots spread 
uniformly throughout the light areas but packed densely in 
the dark areas.) It may be seen that colony development is 
also influenced by the residual milling lines. Preparation: 
(99.97% Al), a, ammonium tartrate solution for 10 min at 
25 v, 30°C; b, 10% chromic acid solution for 120 min at 15 
v, 30°C. 


ferent crystal faces may lead to differences in 
the effective activation energies required to move 
the metal atoms from their lattice positions into 
the oxide. Different activation energies could lead 
to different film growth rates and thicknesses. As 
previously indicated, different barrier thicknesses 
might then account for the differences in colony 
population. 


Sites of Colony Formations 

It may be noted in Fig. 5 that the colonies in most 
cases initiate at the boundaries of the subgrain 
structure which was developed by the action of the 
R-5 brightener. Why these boundaries or ridges 
provide the sites for colony formation is a matter of 
interest, and a number of explanations have been 
considered. It is important to consider the origin of 
this subgrain structure which is revealed by the 
R-5 brightener’s etchant action and by other etches. 
The subject was reviewed by Philips and Welsh (8) 
who discussed its possible origins and who provided 
strong evidence that this etch structure is not due 
to the misorientation of subgrain blocks, i.e., dis- 
locations, within the crystals. In view of this, it is 
not reasonable to associate the original presence of 
dislocations in the aluminum to the development of 
the colonies on the substructure. 

Welsh in an earlier paper (9) suggested that the 
substructure is caused by the merging of inde- 
pendent shallow etch pits and that the form of the 
structure (equiaxed or elongated) depends on the 
angle which the etch pits make with the surface 
plane. It also has been noted generally in the liter- 
ature that the size of the structure increases with 
increasing purity of the metal. While it appears that 
the ridges or boundaries would be more cathodic 
than the interior portions of the structure, there has 
been no evidence that discrete impurity phases are 
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Fig. 7. A transmission electron micrograph through a thin 
porous anodic oxide film showing the development of minute 
anodization cells with respect to the surface etch structure. 
The cells are not clearly defined because of the thinness of 
the film but they can be discerned as minute ring-like forms. 
Preparation: (99.97% Al), ammonium tartrate solution for 
120 min at 25 v, 30°C. 


present there. In a more recent paper (10) Cuff and 
Grant consider the substructure to be the surface 
manifestation of a 3-dimensional network of im- 
purity atom segregation enclosing volumes of rel- 
atively high-purity aluminum. They consider that 
the impurity atoms probably have a Maxwellian 
distribution about the ridges such that, by influenc- 


ing the electrostatic forces on the surface and by 
causing surface corrosive currents, they cause the 
observed structure to develop. The question then 
arises, whether the extent of impurity segregation 
present in the region of the ridges is sufficient to 
change the resistive and dielectric properties of the 
anodic oxide which is formed over them so that 
pores or pore colonies are initiated more easily and 
propagated there. 

It has been found that, under conditions where 
porous columnar anodization cells are formed, very 
few actually develop over the ridges. Figure 7, il- 
lustrating this point, is a transmission micrograph 
of a thin porous oxide film formed by anodizing 
aluminum in an ammonium tartrate solution for a 
prolonged period of time.*° This particular and un- 
usual type of porous oxide film was used here be- 
cause the very small size of the pore and cell 
structures permit a clearer resolution of the effects 
under question than is possible with ordinary porous 
films. 

The small amount of pore formation over the 
ridges probably can be attributed to a somewhat 

®* There has been a general acceptance of the idea that oxide films 
formed by anodizing in an ammonium tartrate solution are true 
nonporous barrier type films. The micrograph in Fig. 7 and others 
taken under different conditions have established that this is rarely 
the case. It is found that only on the shortest anodization periods 
(<1 min) may these films be considered to be effectively non- 
porous. On any extended soak periods with potential applied, the 
minute pore and cell systems are found to be present. It is interest- 
ing that Plumb (11) already has pointed out that this probably 
occurs due to the fact that the low buffering capacity of the ammo- 
nium tartrate electrolyte may permit the solution in immediate 
contact with an anodizing surface to become rather acidic. This un- 
doubtedly is the explanation since a relatively low pH is required 
for an appreciable oxide solution rate to develop. There are several 


other works (12, 13) which also have shown cellular developments 
on thick oxide films formed in borate solutions. 
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thicker barrier oxide which forms initially in these 
areas because of the higher electrostatic fields pres- 
ent over protuberances. The occasional large cells 
which are seen scattered about on the ridges prob- 
ably originate at the same sites which give rise to 
the colonies. It is indicated therefore, on the basis 
of these observations, that the impurities which may 
be present in the vicinity of the ridges have no sig- 
nificant or general influence in promoting porous 
anodization activity there. 

Another explanation has been developed which 
seems to be more consistent with the observed facts, 
namely, that the colonies develop at the sites of 
minute cracks in the oxide film. Young (14) has de- 
veloped the argument, in the case of anodic tanta- 
lum oxides, that the oxide will form over acute 
protuberances of metal with internal stresses large 
enough to cause oxide failure and cracking. Because 
of the similarities of the two cases (both oxides oc- 
cupy more volume than the equivalent converted 
metal) one can apply the same arguments to anodic 
aluminum oxide. Whether the failures are com- 
pressive or tensile is determined by whether the 
oxide film grows near the metal surface or near the 
electrolyte surface. On an acute protuberance, the 
former case would lead principally to tensile stresses 
in the oxide and the latter case would lead princi- 
pally to compressive stresses in the oxide film. 

In the present case, this explanation would in- 
dicate that the ridges in the surface structure would 
have the greatest crack frequency since they are 
protuberances of metal. In those grains where a 
minimum of sharp ridges exist it also may be ex- 
pected that few or no cracks (or colonies) would 
form. This explanation also would indicate that 
common points of intersection of three or more sub- 
grain structures would be particularly active since 
peaks of metal form in these areas. All of these 
effects have been observed to be true generally al- 
though no attempt has been made to provide con- 
clusive evidence because of the experimental prob- 
lems involved in determining the ridge angles. Most 
of these effects may be discerned in the micrographs 
in Fig. 5 and especially in Fig. 5(A) where the col- 
onies are just beginning to grow. Additionally, it 
may be noted in Fig. 6 that colony formation is in- 
fluenced by the surface roughnesses that remain 
from the milling operation. 

As a further test of this mechanism, oxide films 
formed on aluminum, which had been etched in 
concentrated HCl, also were exposed to colony- 
forming conditions. It was thought that the many 
right angles present on the rectangular etch struc- 
tures would provide a reliable test of the stress 
crack-colony formation theory. The manner in 
which the colonies develop may be seen in Fig. 8. 
Stereoscopic pairs of this region established that 
the edges marked with arrows were protruding 
edges of metal. Alternate lines, of course, are those 
of internal steps. It may be seen that many of the 
colonies developed as expected; however, there are 
also a number the origins of which may or may not 
be related to this mechanism. 
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Fig. 8. An electron micrograph of colonies which formed 
on the rectangular structure produced by etching the alumi- 
num in concentrated HC! solution. There is a definite tendency 
for the colonies to form on the 90° step edges. It was deter- 
mined stereoscopically that the marked edges are those which 
protrude from the surface. Preparation: (99.97% Al), a, am- 
monium tartrate solution for | min at 20 v, 30°C; b, 10% 
chromic acid solution for 15 min at 12 v, 25°C. , 


There are several difficulties which prevent more 
direct proofs of this mechanism. For one, the sep- 
arated oxide films are so fragile as to prohibit an 
independent study of the minute cracks which may 
be present before they are removed from the metal. 
On the other hand, because of the self-healing prop- 
erties of nonporous barrier type oxide films, cracks 
(and colonies) are not always obtained where they 
would be expected. It also should be pointed out 
that the above mechanism is not necessarily the sole 
means by which colonies may initiate. For instance, 
discrete impurity phases which are present in the 
aluminum metal can provide pathways through the 
oxide. Some impurities when converted to oxides 
are more soluble than aluminum oxide and would 
lead to voids in the surface films, whereas other 
impurity phases could provide diffusion paths be- 
tween the electrolyte and the aluminum. It may be 
for these reasons that the effect of surface structure 
in determining local concentrations of colonies can 
be discerned clearly only when high-purity foils 
are used. The effect may be masked in low-purity 
foils by the general development of colonies result- 
ing from gross impurity effects. Associations be- 
tween colony sites and impurities have, in fact, been 
observed in micrographs, but this situation has not 
been explored systematically. 

Since it has been suggested that defects take a 
part in establishing the basic electrical properties 
of barrier oxide films (15), it may be of some in- 
terest to employ the colonies as a decoration tech- 
nique in studying the quantitative importance of 
the defects. 

Conclusions 

It is demonstrated that the surface of anodized 
aluminum may be made considerably less porous 
than is normal due to the presence of oxide layers 
on the surface prior to anodization in a pore form- 
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ing electrolyte. It is shown that this is accomplished 
by a mechanism involving the growth of pore col- 
onies beneath the pre-existing surface films. It also 
is shown that the initial current density-time curves 
can be related to the growth of the colonies and to 
the number of colonies present. It is concluded 
necessarily that colonies initiate at defects or low 
resistance pathways that are present in the surface 
barrier films. The location of the defects is de- 
pendent both on the grain orientation and the sur- 
face roughness. 

Evidence is presented to show that many of the 
low resistance pathways which lead to the formation 
of pore colonies occur at points where microscopic 
stress cracks may be expected to have developed. 


Manuscript received April 7, 1960; revised manu- 
script received Sept. 21, 1960. This paper was presented 
in part before the Santa Monica meeting of the Elec- 
tron Microscope Society of America, Aug. 8, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
JOURNAL. 
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Galvanic Behavior in Fused Electrolytes 


I11. Potentials of Calcium, Magnesium, and Nickel in 
LiCI-KCI-K2CrO: and NaCI-KCI-K:CrO: 


Sidney M. Selis' and Laurence P. McGinnis 


Diamond Ordnance Fuze Laboratories, Washington, D. C. 


ABSTRACT 


Referred to Ag/LiCl (or NaCl)-KCl-AgCl (N = 0.100), the oxidation po- 
tential of calcium at 700°C is —1.72 v in LiCl-KCI-K.CrO, and —0.41 v in 
NaCl-KCl-K.CrO,. The lesser polarization in the lithium electrolyte is due to 
the formation in situ of a semiliquid electrode surface and is not due to the 
inherent chemical nature of lithium. The polarization in the sodium electro- 
lyte is ascribed to a film which may be a chromite. Such a film is apparently not 
adherent in the case of magnesium or nickel for these metals are much less 
polarized in the sodium electrolyte than is calcium. 


In a previous paper, the behavior of the nominal 
system Mg/LiClI-KCI-K.CrO,/Ni at 440°C was dis- 
cussed, and the cathode half-cell reactions were con- 
sidered (1). The present work was begun in order 
to elucidate some aspects of anode half-cell be- 
havior. It was decided to include measurements on 
calcium electrodes since Goodrich and Evans (2) 
had implied that calcium anodes are usable in the 
above-mentioned electrolyte. It was also decided to 
measure electrode potentials in fused NaCl-KCl- 
K.CrO, although a much higher cell temperature is 
needed because of the melting range of this elec- 
trolyte. The presumed advantage of the sodium 
electrolyte is its lower hygroscopicity, which would 
simplify the experimental procedure. 

It should be emphasized that no basic thermody- 
namic significance can be ascribed to the electrode 
potentials reported here although the chemical sys- 
tems and measured values are indeed reproducible. 


! Present address: Research Laboratories, General Motors Tech- 
nical Center, Warren, Michigan. 


The systems are complicated ones and the potential- 
determining couples cannot be defined completely. 
Yet the values are interesting and surprising in na- 
ture, and questions are raised as to how the simple 
substitution of sodium ion for lithium can affect 
the potential of the calcium electrode so markedly. 
This paper suggests logical reasons and may intro- 
duce an area of special interest in regard to fused 
salt electrolytes. 
Experimental 

Materials—The chemicals used in this study 
were all of reagent grade and not purified further. 
As far as possible, they were handled in an air at- 
mosphere having a relative humidity of 6% or less. 
The electrode metals were generally of the highest 
grade commercially obtainable and are described 
in Table I. 

Procedure.—lIn this work, the reference electrodes 
were prepared by melting pure silver chloride in 
30-cm lengths of 7-mm Vycor tubing, the lower 
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Table |. Electrode Materials 


Purity (and major 


Metal impurities) Form 

Ag 99.95% Annealed wire, 0.81- 
mm diameter 

Ca 98-99% (Mg) Ingot 

Cu 99.9% Ingot 

Li 99+ % (Na) Wire 

Mg 99.8% (Ca, Zn) Rolled sheet, 0.33- 
mm thick 

Na 99.98 % Ingot 

Ni 98-99% (Co, Fe, Zn) Semiannealed sheet, 


0.33-mm thick; an- 
nealed wire, 0.81- 
mm diameter 


ends of which were completely closed. A silver lead 
was inserted in the silver chloride which then was 
allowed to freeze. At 700°C, a null-balancing po- 
tentiometer could be used effectively in measure- 
ments with this electrode. 

Adjunctive to the use of the Ag, AgCl, glass elec- 
trode, compartmented cells of the type Ag/LiCl (or 
NaCl)-KCl-AgCl//Vycor//AgCl/Ag were prepared, 
and their potentials were measured as a function of 
the silver chloride concentration at the negative 
electrode of these compartmented cells. In this 
series of experiments, the tubes were open to the 
atmosphere. Yet, close obedience to the Nernst equa- 
tion was realized. The results of this work and their 
implication in the present study are discussed later. 

The technique of arranging strip electrodes, the 
glass-enclosed Ag, AgCl electrode, and a thermo- 
couple tube in a 38-mm glass container has been 
essentially described before (3). In the present 
study, side arms were sealed near the tops of the 
Vycor electrode tubes, and small vents were lo- 
cated further down. Side arms also were located 
near the upper ends of the Vycor cell containers. 
Only the reference electrodes were sealed to the 
caps. 

The alloy electrodes, when used in place of solid 
strip electrodes, were prepared in the following 
manner. Alloy compositions were so chosen that in 
the temperature range of 700°-720°C there would 
be about 90 wt % of the calcium-rich solid phase 
and 10 wt % of saturated liquid. It was judged that 
this would yield an electrode which would have a 
semifluid surface and still be adequately rigid. To 
select such Ca-Li and Ca-Na alloys, reference was 
made to the equilibrium diagrams of Wolfson (4) 
and Rinck (5), respectively; the mole fractions of 
calcium in the alloys as used in this work were, 
respectively, 0.85 and 0.98. 

The alloy electrodes were prepared by heating and 
mixing the components in an Armco iron crucible 
under dry argon to a temperature of 900°C. After 
cooling in the inert atmosphere, the central portion 
of the solidified alloy was machined out under dry 
oil. The turnings were rinsed in dry hexane and 
tamped into suitable lengths of Vycor tubing. A lead 
of strip calcium was inserted, and the tube was 
heated for a short time under dry argon so as to 
establish a satisfactory electrical connection but 
not to melt the strip. The alloy electrodes were 
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stored under dry petroleum ether. During cell meas- 
urements, only the bottoms of the assemblies were 
exposed to electrolyte. 

The procedure and auxiliary equipment used in 
making a run were similar to those described before 
(3). The cell container was charged with the proper 
electrolyte salts and was placed in the furnace. 
When the desired temperature was reached, the 
container was loosely capped and purged with dry 
argon gas fed through the side arm. With continu- 
ing argon flow, the cap was removed and the elec- 
trode holder was positioned such that the anode was 
out of the electrolyte but was being preheated. The 
anode tube was purged with argon which entered 
the tube side arm and which vented through the 
small hole located below. During this time, connec- 
tions to the cell were completed and the thermo- 
couple was introduced. 

To activate the cell, the anode tube was lowered 
into the electrolyte. Except as specifically noted in 
the next section, tabulated potentials were the 
steady-state values developed after a few minutes. 
As before, steady-state cell and thermocouple po- 
tentials were measured with a null-balancing po- 
tentiometer and any continuous potential readings 
were made with an oscillograph having an input 
impedance of 9 megohms and a full-scale response 
time of 50 msec (1). 

The nominal ratio of lithium chloride or sodium 
chloride to potassium chloride was such as to pro- 
duce a mixture having the minimum melting point. 
For LiCl-KCl, the eutectic composition is 58 mole % 
LiCl and 42 mole % KCl (6); for NaCl-KCl, it is 
a solid solution containing 50 mole % NaCl and 50 
mole % KCl (7). Potassium chromate additions 
were in the amount of 4.83 mole %. Because of the 
higher melting temperature of the sodium-contain- 
ing electrolyte, a minimum cell temperature of 
700°C was used; temperatures of 720°C or slightly 
higher were used for semiliquid calcium-sodium 
alloys. 

The film conductivity on the calcium electrode in 
NaCl-KCl-K.CrO, was estimated from measure- 
ments made in a U-shaped cell constructed of 20- 
mm Vycor tubing. After the cell containing the 
fused salt electrolyte had attained thermal equi- 
librium, a preheated calcium electrode, having a 
total immersed area of 3 cm’, was inserted and 
mounted in each leg. A 5000-cps sinusoidal signal 
was impressed, and a reading was obtained with a 
conventional impedance bridge. No appreciable dif- 
ference in readings was observed by using frequen- 
cies of 10,000 and 20,000 cps. 

Prior to measuring the resistance offered by the 
calcium electrodes, a “cell constant” was obtained. 
The cell was filled with a copper(II) sulfate solution 
of established concentration and temperature. The 
level of solution in the cell was the same as would 
be occupied by the molten salt electrolyte. Copper 
electrodes were prepared which had the same ge- 
ometry and which would be immersed to the same 
depth as the calcium electrodes. The copper elec- 
trodes were “shorted,” and it was ascertained that 
they had a negligible resistance. They were im- 
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mersed then in the cell filled with copper sulfate 
solution and an impedance value was obtained for 
each of the above-noted frequencies. These values 
did not vary appreciably with frequency. Using the 
values of specific conductance for copper sulfate so- 
lutions as given by Owen and Gurry (8), the “cell 
constant” was computed. 

Using the data and equations published by Van 
Artsdalen and Yaffe (9), the specific resistance of 
the molten NaCl-KCl was determined. Then by ap- 
plying the “cell constant” value, it was found that 
the resistance offered by the fused salt electrolyte 
was small compared to that of the whole cell (which 
included the calcium electrodes). From the cell re- 
sistance the electrolyte resistance was subtracted, 
and the difference was multiplied by the total im- 
mersed calcium area (6 cm’) to yield a “specific 
resistance” for the calcium electrode. The approx- 
imate value for “specific conductance,” as given in 
the next section, is the reciprocal of this “specific 
resistance.” 

. Results and Discussion 

Reference electrodes.—As a matter of conven- 
ience, the calcium, magnesium, and nickel electrodes 
were measured against Ag, AgCl in Vycor. This 
glass electrode structure (containing diluted silver 
chloride) has already been described by Bockris, 
et al. (10) and by Yang and Hudson (11) who ac- 
tually included Vycor in their membrane potential 
studies. However, the discussion of values referred 
to this electrode would have little meaning because 
the difference in liquid junction and membrane po- 
tentials across the glass would cause the reference 
to be different in the two electrolytes. 

Accordingly a series of measurements was made 
with special cells of the type Ag/LiCl (or NaCl)- 
KCl-AgCl//Vycor//AgCl, Ag. Table II lists the po- 
tentials of silver in diluted silver chloride as meas- 
ured against the glass electrode. It will be noted that 
the mole fraction of silver chloride was varied from 
0.0100 to 0.300. 

These negative electrodes are apparently reversi- 
ble within 1 to 4 mv. Furthermore, the observed 
least squares values of (dE/d log N,.«,), for the 
LiCl-KCl and NaCl-KC! solvents are 0.189 and 0.190 
v, respectively, in agreement with the calculated 
Nernst value of 0.193 v for 700°C. It is presumed 
that the membrane potential did not vary appre- 
ciably due to changes in silver chloride concentra- 
tion. At least in regard to the LiCI-KC] solvent, 
Yang and Hudson (11) indicate that membrane po- 
tentials do not change appreciably up to silver 
chloride mole fractions of 0.6. 

In this paper the calcium, magnesium, and nickel 
electrode potentials will be referred to Ag/LiCl (or 


Table II. Potentials of Ag/LICI (or NaCl)-KCI-AgCl vs. 
Ag/AgCl in glass at 700°C 


Potential (v) 
Solvent: Licl-KCl 


NaCl-KCl 
—0.755 
—0.663 
—0.568 
—0.474 


—0.940 
—0.856 
—0.753 
—0.661 
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Table Ill. Electrode potentials vs. Ag/LiC! (or NaCi)-KCI-AgCl 
(N = 0.100) 


in LiCl-KCl-K2CrO, in NaCl-KCl-K2CrO, 
‘od ie E,v 


E,v Electrod: 


NaCl)-KCl-AgCl (N = 0.100). This is accomplished 
by subtracting the appropriate value in Table II 
from a potential measured against the glass elec- 
trode. For instance, the calcium potential in LiCl- 
KCI1-K.CrO,, measured against the glass electrode, 
is —2.29 v. This calcium potential will be reported 
as —1.72 v vs. Ag/LiCI-KCl-AgCl (N = 0.100). Liq- 
uid junction potentials, that would be developed at 
the interface LiCl (or NaCl)-KCI-K.CrO,//LiCl (or 
NaCl)-KCl-AgCl, can be neglected presumably. The 
chromate ion is large and is present only to the ex- 
tent of 2.4 ion %; the silver ion is present to the ex- 
tent of 5.0 ion %. Probably neither species contrib- 
utes very much to the electrolyte conductivities. In 
fact the strict Nernst behavior mentioned above is 
indirect evidence that silver ion is not an important 
conductor in its electrolyte; otherwise the mem- 
brane potential would change as the silver ion con- 
centration was increased from 0.5 to 15 ion %. 

Electrode potentials —Calcium, magnesium, and 
nickel electrode potentials are recorded in Table III. 

It will be noted that in the sodium-containing 
electrolyte the magnesium potential is less anodic 
by 0.25 v, and the nickel potential by 0.13 v, than in | 
the lithium-containing electrolyte. However, of par- 
ticular interest is the observation that the calcium 
potential in the sodium electrolyte is less anodic by 
1.31 v than it is in the lithium electrolyte. The re- 
mainder of this paper is devoted primarily to a con- 
sideration of this large and surprising difference in 
calcium half-cell potentials. 

The explanation given here, as to why the cal- 
cium potential is more anodic in the lithium elec- 
trolyte than in the sodium electrolyte, is based on an 
earlier observation that calcium metal can displace 
lithium ion from solution. The lithium metal then 
would form an alloy with calcium, and the alloy 
would be at least partially liquid at temperatures 
above 231°C (4). The formation of a semiliquid 
calcium-lithium alloy was actually demonstrated in 
this work by inspection and then by using a qualita- 
tive spectroscopic method. (It should be noted here 
that the formation of a calcium-sodium alloy in situ 
is also thermodynamically favored. The latter alloy 
should be semiliquid at temperatures above 710°C 
(5), but no such behavior was noted at temperatures 
as high as 740°C after a 2-hr wait.) 

It is postulated that a fluid surface, continuously 
renewed by convective flow, would not be subject to 
the marked change in potential developed by a 
wholly solid surface. To test this idea, a calcium- 
lithium alloy electrode was prepared which would 
be semiliquid at 700°C. Table IV gives its repro- 
ducible potential as measured in the sodium-con- 
taining electrolyte. It is evident that the semiliquid 
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Table IV. Electrode potentials of alloys vs. Ag/NaCl-KCI-AgCl 
(N = 0.100) 
Electrode 
Ca-Li —1.52 
Ca-Na —1.51 


electrode is much more anodic in this electrolyte 
than is the solid calcium electrode and the potential 
of —1.52 v does approach the value of —1.72 v for 
caicium in 

Such a calcium-lithium alloy electrode was im- 
mersed in the sodium electrolyte and removed 5 
min later. Spectroscopic examination of the electro- 
lyte gave no evidence of lithium ion in amounts 
greater than 0.01-0.1 mole %, and so the presence of 
this latter entity can hardly account for the more 
anodic potential of the alloy electrode. 

A semiliquid calcium-sodium electrode then was 
measured in the sodium electrolyte at 720°C. Table 
IV shows that this electrode is also relatively anodic 
and proves that this anodic value is due to a fluid 
surface rather than to any specific effect of lithium 
metal. 

The high degree of passivation of the calcium elec- 
trode in NaCl-KCI-K.CrO, (see Table III) is also 
manifested by its relative chemical inertness. When 
the high-temperature cell is opened to the atmos- 
phere, the electrode is not oxidized rapidly by the 
air. Furthermore, there is no evident reaction with 
the Vycor electrode tubes. On the other hand, in 
LiCl-KCI-K.CrO, the electrode is very reactive, un- 
dergoing vigorous oxidation when the cell is opened 
to the air and reacting with the Vycor to give a 
dark-colored product, presumably elemental silicon 
formed according to reaction [1] whose standard 
molar free energy change is —85.5 kcal at 700°C.’ 


2Ca(c) + SiO,(c) ~ 2CaO(c) + Si(c) [1] 


The nature of the film on calcium in the sodium 
electrolyte was studied by recording the potential 
of the preheated calcium electrode continuously as 
a function of time from the moment of cell activa- 
tion. In the sodium electrolyte at 720°C, the initial 
potential of the calcium electrode was quite anodic, 
i.e., —1.65 v. Over a 50- to 60-sec period, it became 
less anodic, nearly linearly with time, to the value 
—0.41 v previously observed. Similar studies of the 
potentials of calcium in the lithium electrolyte and 
calcium-lithium alloy in the sodium electrolyte gave 
steady values of —1.72 and —1.54 v, respectively, 
from the moment of cell activation. It is confirmed 
therefore that the change in the cathodic direction 
is due to a film which, at the elevated temperatures, 
requires about 1 min to develop fully. 

It was suggested that the difference between —0.41 
and —1.72 v might be accounted for in terms of an 
IR drop across the film. Meters of high effective im- 
pedance had been used, but nothing was known of 
the film conductance. Using a 5000-cps signal, the 
latter was measured and was found to be 0.05 ohm" 
cm”. This value is sufficiently high such that, with 


This calculation was made from values listed by Coughlin (12). 
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the meters used, no observed difference in potential 
can possibly be ascribed to an ohmic loss across the 
film. To account for the observed difference in terms 
of IR drop, a film conductivity as low as 10° ohm” 
cm™ would be required. 

The exact nature of the film remains unknown 
although the presence of chromate ions in the ano- 
lyte is essential for film formation. (Measurements 
of the potential of calcium in a sodium electrolyte 
free of chromate ion gave a value of —1.80 v. This 
strongly negative potential definitely indicates the 
absence of a film.) In regard to the chemical nature 
of this film, the present authors suggest a chromite, 
i.e., a compound of CaO and Cr.O,. However, at- 
tempts to characterize it by x-ray powder diffraction 
techniques were unsuccessful. 

It is clear that magnesium and nickel are far less 
passivated in the sodium electrolyte than is the cal- 
cium in the same electrolyte. In the case of mag- 
nesium, a film formation would be expected, and it 
would seem that the small passivation of magnesium 
in either electrolyte results from the poor adherence 
of this film. 

Electrolyte composition.—Nominally the electro- 
lytes include lithium or sodium chloride, potassium 
chloride, and potassium chromate. However, the 
presence of other species can be inferred. As dis- 
cussed by several authors (1, 3, 13, 14), water of 
hygroscopicity will serve to hydrolyze a portion of 
the alkali metal halides and to produce some hy- 
droxide and oxide ion. Then equilibria such as re- 
action [2] [discussed in an earlier paper (1)] will 
be operative in the 


SiO.(c) + 2Li*(1) + (1) = Li,SiO,(amorph) [2] 


Vycor cell container and will fix the oxide ion ac- 
tivity for a given temperature. 
Reaction [3] expresses still another equilibrium 
pertinent 
2CrO,-(1) = + Cr.O;(1) [3] 


in these electrolytes, but the constant is not known. 
Yet the oxide ion activity will be fixed in a given 
electrolyte, and since the same quantity of chromate 
ion has been used in each experiment, the ratio of 
dichromate ion to chromate ion has been the same 
for each run with a given electrolyte. 

The deposition of lithium metal on the calcium 
electrode would be accompanied by the introduction 
of calcium ion in the electrolyte as expressed by re- 
action [4]. During the time for an 


Ca(c) + 2Li°(1) = Ca"(1) + 2Li(1) [4] 


experiment, equilibrium is probably not attained, 
and this reaction might proceed to different extents 
from run to run. This would cause the electrode po- 
tential to vary, but within the limits already stated, 
variations were not observed. 

The chemistry of the electrolyte is indeed a com- 
plicated matter, and undoubtedly, such species as 
oxide, hydroxide, dichromate, and calcium ions affect 
the observed electrode potentials. Yet in the case of 
the calcium electrode, at least, the large variation in 
potential is probably due to basic phenomenological 
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differences rather than to more subtle variations in 
the activities of certain dissolved species. 


Summary 

Referred to the Ag/LiCl (or NaCl)-KCl-AgCl 
(N = 0.100) electrode the calcium electrode at 
700°C yields a potential of —1.72 v in the molten 
salt electrolyte LiCl-KCI-K.CrO,. In the electrolyte 
NaCl-KCI-K.CrO,, the electrode is more cathodic 
with a potential of —0.41 v. In going from the first 
to the second electrolyte, the magnesium potential 
changes from —1.45 to —1.20 v and the nickel poten- 
tial changes from +0.24 to +0.37 v. 

The more negative calcium potential in the lith- 
ium-containing electrolyte is attributed to the for- 
mation in situ of a semiliquid calcium-lithium alloy 
electrode. The semiliquid characteristic is of impor- 
tance rather than any specific effect of lithium. 

The protective film on the calcium in the sodium 
electrolyte is of relatively high conductance. It pre- 
sumably is a calcium chromite. 

The lack of severe passivation of magnesium or 
nickel in either electrolyte is due to poor adherence 
of any film which might be formed. 


Manuscript received Dec. 9, 1959; revised manu- 
scripts received June 22, 1960 and Sept. 16, 1960. This 
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paper was presented before the American Chemical 
Society, Miami, Florida, April 7-12, 1957. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
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The Preparation of Fluorescent Germania 


J. F. Sarver and F. A. Hummel 


Department of Ceramic Technology, The Pennsylvania State University, University Park, Pennsylvania 


Germania occurs in three crystalline modifications. 
The stable low-temperature form has the rutile 
structure in which the Ge* ions are octahedrally co- 
ordinated by six oxygen ions. The rutile form 
changes very slowly to the stable high-temperature 
or B-quartz form at about 1050°C. The inversion is 
accelerated by the presence of small amounts of 
mineralizers such as alkali halides. In the quartz 
modification, the Ge* ions have tetrahedral oxygen 
coordination. Upon rapid cooling, with or without 
mineralizers, the 8-quartz form does not revert to 
the stable rutile form but inverts rapidly and re- 
versibly to a metastable a-quartz modification at 
about 1000°C (1). 

Commercial germania (fluorescent grade) has the 
metastable a-quartz structure and is nonfluorescent. 
In order to convert it to the stable rutile form, 
mineralizers must be added and the assemblage 
must be heated for a few hours at temperatures be- 
tween 800° and 1000°C. An alternative method is to 
subject the GeO. as received to hydrostatic or hydro- 
thermal pressures in the range between 200° and 
500°C. 


Experimental 

In experiments carried out to establish the tem- 
perature of the stable §-quartz = rutile inversion 
in GeO., it was necessary to add mineralizers to the 
starting material to complete the inversion in a rea- 
sonable length of time. A very effective mineralizer 
consisted of a 1% by weight addition of the eutectic 
mixture of LiCi-KC] which caused the inversion to 
go to completion in a few hours at temperatures as 
low as 800°C. The rutile form of GeO. which was 
produced developed a slight pink coloration, and 
when examined under cathode ray and germicidal 
lamp, i.e., principally 2537A excitation, it showed a 
yellow fluorescence. 

Additions of other mineralizers such as Li,O, Na.O, 
K.O, and LiF were effective in promoting the con- 
version of the a-quartz form to the rutile form, and 
the same yellow fluorescence was characteristic of 
these preparations. 

Starting with a 5-g quantity of the a-quartz form, 
the rutile form was prepared hydrothermally by 
heating for 24 hr in a silver-lined Morey bomb with 
enough distilled water to give a pressure of about 
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Table |. Effect of various types of mineralizing additions on the 
emission characteristics of GeO. 


Peak position, Brightness, 
Addition A ft-L 
LiCl-KCl 5380 21.1 
Li,O 5380 15.7 
Na,O 5370 4.5 
K.O 5370 24.6 
LiF 5380 13.1 


10,000 psi at 550°C. The rutile form of GeO, ob- 
tained was well crystallized, as indicated by an 
x-ray diffraction pattern, but was nonfluorescent. 
Subsequent heat treatment at 950°C for 8 hr was 
effective in developing a relatively weak yellow 
fluorescence under cathode-ray excitation, with an 
accompanying very slight pink coloration. 

A sample of very pure transistor grade GeO, hav- 
ing an average resistivity of 35 ohm-cm (equivalent 
to 1.10 ppb impurity) with a 1% by weight addition 
of the LiCl-KCl eutectic mixture, heated to 900°C 
for 24 hr, developed the yellow fluorescence when 
excited by cathode-ray and 2537A radiation. This 
preparation also became pink in color. 

Spectroradiometer measurements were made on 
several of the fluorescent samples of the rutile form 
of GeO, prepared by heating at 850°C for 24 hr with 
additions of 1% by weight of the eutectic mixture of 
reagent grade LiCI]-KCl, Li,O, Na,O, K.O, and C.P. 
LiF. Li,O, Na,O, and K,O were added as C.P. car- 
bonates. Results of the as-recorded emission char- 
acteristics under cathode-ray excitation using 16 kv 
electrons at 2 wa/cm’* on a focused raster are shown 
in Table I. A National Bureau of Standards sample 
of Zn.SiO,:Mn gave a brightness of 47.1 ft-L with 
0.5 pa/em’. 

For each preparation, the emission band was con- 
tained between approximately 4400 and 7200A. 

2537A excitation produced similar peak positions 
(5370-5380A) and band widths but generally 
weaker fluorescence. The K.O preparation was rela- 
tively brighter than the LiCl-KC1 preparation, etc., 
the Na.O preparation being the weakest, as with the 
cathode-ray excitation. 

No measurements were made for the heat-treated 
hydrothermally prepared sample or the transistor 
grade GeO, sample. Visually, the color of the emis- 
sion could not be distinguished from that of the pre- 
vious preparations. 

It was observed that the samples did not reach 
maximum intensity of emission immediately when 
placed under 2537A radiation. In contrast to 
Zn.SiO,:Mn, which appears to reach maximum in- 
tensity immediately upon.exposure to 2537A exci- 
tation, the GeO, samples appeared to increase grad- 
ually to maximum brightness. 

Figure 1 shows the decay characteristics after 
cathode-ray excitation of the GeO, prepared with 
the eutectic mixture of LiCl-KCl as the mineralizer. 
Calculations give the rate constant a = 7.32 x 10° 
sec" and the lifetime of the excited state r = 0.137 
msec, where L/Lo = e™ and a = r”. 


Discussion 
The similarity in peak position and band width 
for the various preparations of the rutile form of 
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Fig. 1. Decay curve for fluorescent GeO. 


GeO, suggests that the same mechanism may be 
effective in all cases studied. Chlorides, fluorides, and 
oxides of the alkali metals produce similar effects. 

A possible explanation for the fluorescence may 
be the presence of loosely bound excitable electrons 
in the GeO, lattice due to anion vacancies. TiO. de- 
velops anion vacancies at elevated temperatures in 
air, becoming discolored and semiconducting. De- 
fective TiO. may be represented by the formula Ti* 
O...* (A.V.),.. Alternatively, it has been rep- 
resented as Ti,...° O...* (A.V.)., but this for- 
mula does not imply semiconducting properties so 
that the first representation is more appropriate to 
the discussion. A similar condition may develop in 
the rutile form of GeO. in which case the electrons 
which are not strongly quantized with respect to 
the Ge“ ions may give rise to fluorescence and ac- 
count for the pink body color. At any given tem- 
perature, at 1 atm in air, there should be an equi- 
librium number of anion vacancies. The rate of ap- 
proach to this equilibrium value may be affected by 
the particular mineralizer added, thus giving rise to 
different values of brightnesses but similar emission 
bands. 

The fluorescence produced in the preparation from 
transistor grade GeO, suggests that the emission is 
not due to impurities in the GeO.. 
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N- and P-Type Single Crystal Bismuth Telluride 


A. C. Yang and F. D. Shepherd 


Electronic Material Sciences Laboratory, Electronics Research Directorate, 
Air Force Research Division, Bedford, Massachusetts 


Both p- and n-type single crystal Bi.Te, have been 
grown by the Czochralski method. Some of these 
crystals were “dendritic like,” similar to Ge den- 
drites reported by Billig (1). Starting materials 
were Bi and Te, both 99.999% pure.’ The materials, 
in stoichiometric proportions, were melted together 
in a hydrogen atmosphere to form Bi.Te,. The melt 
was then cooled and any slag forrned during reaction 
was removed by slicing off the surface. Crystals 
were grown in a hydrogen atmosphere to minimize 
the presence of oxide slag. A mixture of argon and 
hydrogen was not sufficient to prevent the forma- 
tion of slags during growth. The seed crystal was 
rotated at rates from 1 to 25 rpm without any effect 
on the growth parameters. Pulling rates were from 
0.2 cm/hr to 20 cm/hr. Seed crystals were oriented 
with hexagonal basal planes perpendicular to the 
melt. When other orientations were used, slip oc- 
curred, resulting in reorientation into this direction. 

From stoichiometric melts only p-type crystals 
were obtained. Efforts to pull n-type crystals from 
Te-rich melts were not successful. The addition of 
1% Cu’ ion, in the form of Cu.Te, to stoichiometric 
melts yields n-type crystals. In order to grow n- 
type crystals it was necessary to use pulling rates 
less than % cm/hr. 

Crystals grown at rates less than 3 cm/hr were 
elliptical in cross section as reported by Ainsworth 
(2); however, at growth rates greater than 3 cm/hr, 
crystals assumed a dendritic form (see Fig. 1). 
During fast growth, the melts were undercooled and 
the resulting crystals had flat mirror-like surfaces 
and cleaved very easily along basal planes. In all 
cases, growth took place in the 2130 direction as 
evidenced by orientation of etch pits and macro- 
scopic hexagonal steps observed on crystal surfaces. 
There was no appreciable growth along the C axis, 
except for discrete step as above (Fig 2). The step 
growth assumed a definite hexagonal crystal- 
lographic shape in contrast with the curvilinear 
step growth in Ge dendrites (3). This suggests a 
growth mechanism similar to the activated screw- 
dislocation mechanism observed in the growth of 
alpha-SiC from the vapor phase. There was no 
visible evidence of twin plane formation in these 
crystals as has been observed in dendritic cubic 
crystal (4). It is suggested that in a faulted crystal 
structure, such as found in Bi.Te, and alpha-SiC, 
twin plane formation is not necessary for dendritic 
growth. 

During growth, there was appreciable Te vapor 
in the crystal puller resulting from decomposition of 
the melt. The vapor tends to condense onto the 


1 Obtained from American Smelting and Refining Co. 


crystal and covers the crystal with Te. At the part 
of the crystal near the melt where the temperature 
is higher than the Te melting point, it is condensed 
as liquid Te and etches the crystal surface. This 
condensation yields a clear demarcation line be- 
tween the regions where Te condenses as a liquid 
and as a solid. If the temperature at this line were 
assumed to be at the melting point of Te, a rough 
estimate of the temperature gradient during growth 
could be taken as approximately 60°C/cm. 


Fig. 1. P-type BisTes crystal grown at 8 cm/hr. Pitted sur- 
face is due to etching by gaseous Te above melt surface. 


Fig. 2. Growth in discrete steps along the C-axis as ob- 
served in crystals grown at rates greater than 3 cm/hr. 
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X-ray powder diffraction patterns of both p-type 
and n-type crystals gave identical lines. The dif- 
fraction lines observed agreed with those reported 
by Wyckoff (3) (and the A.S.T.M. index). 


Preliminary room temperature’ thermoelectric 
measurements indicate Seebeck coefficients of 240 
uv/°C and 120 wv/°C for p- and n-type crystals, 
respectively. Resistivity of the crystals was approx- 
imately 2 x 10° ohm-cm. 


Although the aluminum-tin system has a eutectic 
at 228.3°C (97.63 at. % Sn) (1), it is not possible to 
solder to aluminum directly using any of the lead- 
tin solders. The cause of the difficulty is usually 
attributed to the presence of the strongly adhering 
ALO, film on the aluminum. A procedure is avail- 
able for direct soldering by use of ultrasonics (2, 3). 
In this process the ultrasonic cavitation is used to 
break up the oxide film under a layer of molten 
solder. Another method reported in the literature 
for removing the oxide under molten solder is that 
of anodic etching in a solder bath (4). An alternate 
approach is to electroplate a solderable metal onto 
aluminum (5, 6). 

None of these procedures are convenient for the 
fabrication of semiconductor devices, especially 
when mass production processing is desired. The ul- 
trasonic or electroplating equipment would not be 
necessary if a “simple” aqueous dip process were 
available which would bond a solderable metal di- 
rectly to the aluminum surface, provided that the 
metal-aluminum bond obtained is sufficiently strong. 
The following is a report on such a dip process of 
the displacement plating type. A discussion of the 
mechanism of this process has been published (7). 


Experimental Procedure and Results 

Twenty mil, 99.999% aluminum wire was evap- 
orated and alloyed using standard techniques (8) 
onto 0.5 ohm-cm n-type silicon wafers, 1 cm x 2 cm 
x 0.6 mm, to a thickness of about 2.5 x 10° mm. A 
methanol solution of a proprietary organic flux was 
used for the “tinning” operation. The alloyed alu- 
minum was “tinned” by dipping into a 200°C 60/40 
Sn-Pb solder bath. Part of the aluminum was 
masked during surface treatment with a mylar tape. 

The exposed aluminum (1 mm x 2 cm along an 
edge) was then treated with the plating solution. 
After being rinsed and dried, the treated aluminum 
was “tinned” using the organic flux. The masking 
was then removed. Two such samples were placed 
solder to solder and heated, forming a bonded area 
approximately 0.1 x 2 cm. In. the assembled unit 


' Present address: Intellux, Inc., Santa Barbara, Calif. 
Present address: Giannini Controls Corporation, Pasadena, Calif- 
fornia. 


A Chemical Treatment for Rendering Silicon-Doped 
Aluminum Solderable 
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the nonbonded 2 cm edges were approximately 1.8 
cm apart. The assembled unit was held parallel to 
the floor, and the upper wafer was clamped in a 
padded vise so that the edges of the jaws of the 
vise were adjacent to the bonded area. A wire hook 
was placed on the unclamped wafer about 8.5 mm 
from the bonded area and 1 cm from each of the 1 
cm edges of the wafer. Weights were then attached 
to the hook until either the bond or the silicon broke. 
Previous studies on solar cells 0.5 mm thick showed 
that the silicon broke when the weight exceeded 
718 g; therefore, 0.6 mm thick wafers were used and 
no attempt was made to go beyond 718 g. The weight 
at which the bond broke was recorded as the bond 
strength. If it did not break, 718 (held) was re- 
corded. 

Experimental results.—The greatest bond strength 
was obtained with CuSO,~-5H.O and concentrated 
aqueous HF (48%) in deionized water. Most of the 
time the alloyed specimen was treated shortly after 
removal from the vacuum. A study was also made 
on samples plated 20 days after alloying in order to 
determine the effect of oxidation of the aluminum. 

In Table I it is shown that 20 g/100 ml of CuSO, 
is the optimum concentration. In Table II the op- 
timum value for HF is shown. The optimum plating 
time with 20 g/100 ml of CuSO, - 5H.O and 1 ml of 
HF was 5 min (Table III). Two further studies were 
made which indicated that the process is reproduc- 
ible. 

Some comment is indicated to account for the op- 
tima found. Displacement plating is an etching proc- 


Table |. Concentration of CuSO, - 5H.O varied 


HF added, 1 ml; plating time, 5 min 


Conc. of 
CuSO, 5H,0 
£/100 ml H,O 15 20 25 30 


Bond strength 610 718 (held) 404 Did not 
in grams 718 (held) 718 (held) 404 solder 
404 718 (held) 610 
404 718 290 


Average 534 718 427 — 
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Table Il. HF added—varied 


CuSO,°5H,O—20 g/100 ml H.O; plating time, 5 min 
ml of HF added 0.5 1.0 1.5 


Bond strength Did not 718 (held) 404 
in grams solder 718 (held) 718 (held) 
718 (held) 718 (held) 

718 404 


Average 718 561 


Table II). Plating time—varied 


CuSO, 5H,O—20 g/100 m! H,O; HF added, 1 ml 


Plating time 
in min + 5 


Bond strength Did not 
in grams solder 


718 (held) 
718 (held) 
718 (held) 
718 


Average 718 


Table IV. CuSO, - 5H.O—20 g/100 mi H.O 


HF added, 1 ml; plating time, 15 min 


Stored 20 Absolute Perchloro- 
days in methanol ethylene 


Bond strength 
in grams 


Average 370 + 120 444 + 110 393 + 108 


RENDERING Si-DOPED Al SOLDERABLE 


ess, and the aluminum layer is quite thin. If the 
etching is rapid or if etching time is great, a large 
fraction of the aluminum is removed, exposing sil- 
icon to which the solder will not adhere. 

Three sets of alloyed samples were stored for 
twenty days: one in air, the second in a closed con- 
tainer of absolute methanol, and the third in a 
closed container of perchlorethylene. None plated 
well after 5 min of plating. The study was repeated 
using a 15-min plating time (see Table IV). From 
the data it is clear that in no case is the bond 
strength of the aged samples as great as that of 
fresh samples. However, if storage is necessary after 
alloying and before plating, the samples should be 
stored in absolute methanol. 


Manuscript received June 13, 1960. This paper was 
prepared for delivery before the Columbus Meeting, 
Oct. 18-22, 1959. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
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Brief Communication 


Antimony-Rich Surface Layer on Diffused Germanium 
J. E. McNamara 


Materials Research Department, Motorola Semiconductor Products Division, Phoenix, Arizona 


The objective of this communication is to report 
the initial results of a study of the properties of an 
antimony-rich surface layer which we have ob- 
served to form during the diffusion of antimony 
into germanium from a vapor phase. 

A well-known method for establishing diffused 
gradients of antimony in germanium consists of ex- 
posing the semiconductor to hydrogen gas contain- 
ing antimony vapor. This component of the gas 
phase is usually produced by allowing the carrier 
gas to pass over hot antimony metal before it en- 
ters the diffusion furnace. 


Diffused gradients established by the above pro- 
cedure have been measured in this laboratory. 
Antimony metal containing the radioactive isotope 
Sb-124 was used as the source of the diffusant vapor 
pressure. Precision lapping methods were utilized 
to remove successive increments of the diffused ma- 
terial. The amount of antimony in the first incre- 
ment was consistently larger than predicted from 
the error function distribution of the concentrations 
in the succeeding increments. When the diffused 
germanium samples were rinsed in hydrofluoric 
acid prior to lapping, the concentration of antimony 
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in the first increment was observed to decrease to a 
value consistent with the error function distribution. 
This observation was interpreted as evidence for 
the presence of an antimony-rich film on the surface 
of the freshly diffused germanium. 

The objective of the experiments reported in this 
communication was to obtain preliminary informa- 
tion concerning the rate of formation of the film 
during diffusion, the effect of diffusion temperature 
on the film concentration, the rate of removal of the 
film by hydrofluoric acid, and the effect of crystal- 
lographic orientation of the germanium surface on 
the film concentration. 

The experimental procedure consisted of measur- 
ing the loss of radioactivity by the diffused ger- 
manium samples after successive 2-min washes in 
hydrofluoric acid at room temperature. Sheet re- 
sistivity measurements taken after each wash dem- 
onstrated that no significant fraction of the loss in 
radioactivity could be attributed to solution of the 
germanium by the acid. The relation between the 
amount of radioactivity and the number of antimony 
atoms was determined by counting known weights 
of the antimony source in an environment equivalent 
to that used in counting the diffused germanium 
samples. Control experiments showed that less than 
1% of the film concentrations reported below could 
result from: antimony condensation on the surfaces 
of the samples during their movement into and out 
of the diffusion furnace. 

The film concentrations for various diffusion times 
and temperatures are tabulated in Table I. The film 
concentration (C,) appeared to reach a saturated 
value within 45 min at a diffusion temperature of 
648°C. A larger film concentration was measured 
for the sample diffused at the higher germanium 
and antimony temperatures. In Fig. 1 are shown the 
data for the rate of removal of the film by hydro- 
fluoric acid at room temperature. The film formed 
at the higher diffusion temperature dissolved in the 
acid at a considerably slower rate. No significant 
difference in the rate of removal was observed be- 
tween the etched and mirror-polished samples. 

The values of the film concentrations reported are 
in close agreement with the maximum number (7 
x 10'/em’) of unsaturated bonds on a (111) ger- 
manium surface. This observation suggested that 
each antimony atom in the surface film may be 
covalently bonded with one of the germanium atoms 
containing an unsaturated bond. According to this 
model, the two remaining electrons needed to fill 
the antimony valence shell would be furnished from 
a sharing of electrons between adjacent antimony 


Table |. Film concentrations (C;) of antimony on diffused 
germanium (111) surfaces 


Diffusion Antimony Diffusion 
temp, °C temp, °C time, hr 


Cr, atoms/cm? 


648 409 0.75 0.65 « 10” 
648 409 3.50 0.62 « 10” 
648 409 16.00 0.64 « 10” 
648 409 48.00 0.67 x 10” 
755 484 3.50 0.77 « 10” 
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Fig. 1. Removal of antimony surface film from diffused 
germanium (111) surfaces; HF concentration 48% by weight. 


atoms on the surface. This model of the structure 
of the surface film predicts that the film concentra- 
tion on a (100) surface should be significantly 
higher since this plane contains a higher density of 
free bonds (1.2 x 10"/cm’*). However, initial meas- 
urements on (100) surfaces indicate film concen- 
trations within 10% of those obtained for the (111) 
surfaces. 

An antimony-rich surface layer would be ex- 
pected to form if the antimony vapor pressure over 
the germanium during diffusion were in excess of 
the equilibrium vapor pressure of the saturated 
solid solution of antimony in germanium. However, 
previous experiments showed that the surface con- 
centrations of antimony in germanium under the 
conditions encountered in these experiments were 
an order of magnitude lower than the solid solu- 
bilities reported by Trumbore (1). Furthermore, 
out-diffusion of antimony from germanium was ob- 
served to result in the re-formation of the antimony 
surface film. This observation is thermodynamically 
incompatible with the concept of the formation of 
an alloy phase. 

At the diffusion temperatures employed in this 
work, antimony vapor consists almost entirely of 
molecules having the composition (Sb,) (2). Dur- 
ing the diffusion anneal this molecule must undergo 
dissociation on the germanium surface to form 
atomic antimony. This dissociative reaction would 
result in some finite steady-state concentration of 
antimony on the surface. Studies of the film concen- 
tration over a wide range of antimony vapor pres- 
sures should prove of value in evaluating the extent 
to which this dissociative process is responsible for 
the film concentrations reported in this communica- 
tion. 


Manuscript received Aug. 26, 1960. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1961 
JOURNAL. 
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Feature Section 


Science and Electrode Processes 


Second William Blum Lecture’ 
Sigmund Schuldiner” 


Scientists usually are so involved with their own par- 
ticular area of investigation that they have little time 
to think about the philosophy of science. I feel that now 
and then we should consider seriously the broader and 
more general aspects of science, especially as applied to 
one’s particular field. I should like to develop here a few 
thoughts concerning science in general, and then my own 
particular field of electrode processes. As stated by 
Bronk,’ “Science can seldom be developed by scientists 
who do not have such specialized competence, but more 
is needed for the development of science. Scientists 
whose knowledge is narrowly restricted are hampered 
in their research; they are unfitted to form new facts 
into conceptual schemes... .” 

Science, or more specifically the scientific method, 
was defined by Bridgeman‘ as follows: “The so-called 
scientific method is merely a special case of the method 
of intelligence, and any apparently unique characteristics 
are to be explained by the nature of the subject matter 
rather than ascribed to the nature of the method itself.” 
Intelligence, a rigorous logic, and objective observations, 
however, are not enough for the successful development 
of science. These factors have been applied to other 
areas of human endeavor but they have not led consis- 
tently to an accelerated improvement of our well-being 
in the same degree as has science. A missing ingredient 
is, I believe, honesty in reporting data. This factor us- 
ually is omitted in discussions concerning the scientific 
method because scientists naturally assume its implica- 
tion. But as Delahay® so aptly stated, honesty in re- 
porting data is one of the remarkable and necessary 
traits of the scientist. This, plus the rigorous rules which 
are applied to the scientist by his fellow scientists in re- 
porting his work, has resulted in an international system 
of endeavor which indeed has been successful. Honestly 
reported data and adequately described experimental 
techniques can be duplicated anywhere. It cannot be 
stressed too strongly that this scientific attitude is a most 
essential part of the scientific method. Thus, a really im- 
portant lesson to be learned from the scientific method 
is that a rigorous code of moral behavior, which is self- 
enforced by the scientific community, can be successful 
on a world-wide scale. The factors involved in this en- 
forcement are: the universal knowledge that the scienti- 
fic method would be hampered seriously without it, the 
self-respect of the individual scientists, the respect of 


1 Delivered at an award dinner held November 17, 1960 (see p. 
32C of this issue. 


2U.S. Naval Research Laboratory, Washington, D. C. 

*D. W. Bronk, “The Unity of the Sciences and the Humanities,” 
p. 11, Fourth Annual A. D. Little Memorial Lecture at the Massachu- 
setts Institute of Technology, Cambridge, Mass., 1949. 


*P. W. Bridgeman, “Physical Science and Human Values,” p. 145, 
Princeton University Press, Princeton, N. J. (1947). 


5P. Delahay, American Scientist, 48, 28 (1960). 


one’s fellow scientists, and the strict denial of the vali- 
dity of that much-used attitude that the ends justify the 
means. The unique system of free communication among 
scientists is another important factor in maintaining this 
scientific attitude. 


By careful observation, experimentation, and general- 
ization, the scientist has been able to put many of the 
facts of our physical world in convenient form that can 
be put to practical use. Mathematics gives him an ex- 
cellent tool for summarizing his generalizations and for 
transforming these summaries into forms of the most 
immediate practical use. The variations and permuta- 
tions of the physical world are too numerous for their 
complete observation or experimentation. Scientists must 
be able to select critical experiments which will give 
information not only about the particular system under 
observation, but, much more important, about a large 
class of systems. In this way, the scientist by relatively 
few observations can summarize about a large area of 
the physical world and predict how unknown systems 
will behave. This, of course, is the area where the 
theoretician plays his primary role. However, it should 
be realized that in theorizing one generally must derive 
relationships which closely satisfy, but are not neces- 
sarily exact representations of the true physical world. 
These relationships can be expressed as idealized models 
which in themselves cannot be true because the theories 
only approximate nature, and the truth is not something 
which can be approximated—it is one of those black and 
white concepts. 

I say this not to depreciate the use of idealized models, 
because this has been an essential device in science. 
However, it is important that we do not deceive our- 
selves in believing that these idealized models repre- 
sent the ultimate truth. These models may represent per- 
fection in scientific logic, but they are still man made. 
Sometimes it seems that we scientists are so impressed 
with this type of perfection in reasoning that we really 
think that we have the ultimate key to nature. We often 
hear that the theory represents the facts much better 
than the experimental results do. In fact, we as scientists 
are allowed only to approximate the reality in nature— 
our approximations become better with time, but still 
the truth about the ultimate aspects of nature will un- 
doubtedly always evade us. This is fortunate since the 
world would be a dull place, indeed, if we knew all the 
answers. Many of the nineteenth century scientists be- 
lieved that it was a matter of just a few years before all 
the important knowledge about our physical world 
would be known. In the late nineteenth and in the 
twentieth century, however, new concepts forced us to 
realize that there may be limitations to our knowledge 
of nature. The ultimate truth about nature probably 
belongs in the realm of religion anyway, not science. A 
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primary purpose of science is to find rules in nature and 
to apply this knowledge to our benefit. 

The investigation of the mechanisms of electrochem- 
ical reactions is in many respects a most frustrating field 
of science. From its very nature, we must be burdened 
with a negative approach. One is limited to proposing 
various models which represent particular mechanisms, 
and experimental kinetic studies can prove only the im- 
possibility of certain of these models, but cannot furnish 
the sufficient condition which uniquely defines a parti- 
cular mechanism. This does not mean that the kinetic 
approach is not useful or is hopeless; it only means that 
much more work is needed, plus a real breakthrough in 
our thinking, before kinetics approximates the exactness 
of thermodynamics. Much progress has been made in 
recent years, but the basic concepts still are not well de- 
fined in many cases and, indeed, the physical meaning of 
some of the fundamental parameters is still in doubt. 
Anyone who has worked in the field of electrokinetics 
for any length of time realizes the inadequacies in this 
respect. This is especially brought home when a student 
or newcomer in the field asks you to recommend a text- 
book or references which will give him an adequate and 
understandable introduction into the field. 

Undoubtedly one of the major difficulties in the study 
of electrode mechanisms is our lack of understanding 
of the surface states of electrodes. Surface chemistry has 
not yet advanced to the point where a surface has been 
defined adequately and this is necessary before electro- 
chemical measurements of many irreversible electrode 
phenomena really can be meaningful. The fact that we 
can obtain reproducible data for an electrode reaction 
which can then adequately be applied to an over-all 
mechanism does not necessarily give us any details about 
the reaction. For example, when we say that a reaction 
is controlled by a slow discharge step, does this mean 
that the actual electron transfer is slow? Or does it mean 
that we have not divided this step into detailed-enough 
steps to determine precisely what the slow step is? 

In spite of the many shortcomings in the study of elec- 
trode processes, many advances have been made in re- 
cent years. A realization of the importance of the clean- 
liness of electrode surfaces has led to rigorous purifica- 
tion techniques. These methods have yielded many con- 
sistent experimental results which are independent of 
the investigator. This has been an important step in ob- 
taining meaningful data. Largely because of the pioneer- 
ing work of Grahame, a great deal now is known about 
the structure of the double layer on an ideally polarized 
mercury surface. Adsorption phenomena on electrode 
surfaces have been investigated in great detail and 
much is known about these effects. The work of Frumkin 
and his school in this area is well known. Many new, 
highly complex experimental techniques have been de- 
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veloped to aid us in determining the necessary paramet- 
ers of electrokinetics. These are to a large extent alter- 
nating- and direct-current transient methods, and today 
the electrochemist spends a great deal of his time de- 
veloping and adapting electronic techniques. These 
methods also have required an extensive study of the in- 
terpretation of electrical measurements in terms of the 
reactions occurring on the electrode surface. Transient 
methods now are in use that can determine potential- 
current changes on an electrode surface in a fraction of 
a microsecond. We can observe and quantitatively 
measure changes in the order of the relaxation times of 
ions at the electrode/solution interface. With these 
transient techniques, we can separate processes occur- 
ring at different rates at the electrode/solution interface. 

In many electrode reactions using so-called inert elec- 
trodes, the electrodes are not mere electron sources or 
sinks, but play an intimate part in the electrode mech- 
anisms. When chemisorbed reactants or products influ- 
ence the reaction rate, the sites on the electrode surface 
are part of the electrode process. Here the electrode sur- 
face can catalyze or retard the reaction rate. In these 
cases, the heat of adsorption of the adsorbed species will 
influence the catalytic activity. In this area of research, 
some work has been done relating the bulk properties of 
the electrode material with the bonding energies on its 
surface. Thus, relationships between the electronic con- 
figuration of transition metals and their alloys have 
shown some interesting correlations to the heat of ad- 
sorption of adsorbed species. Even though this approach 
has led to spectacular confirmations of this hypothesis 
in some cases, there also have been some serious let- 
downs. It appears that we now are reaching the point 
in many of these areas where new concepts are needed 
in order to evolve theories which better fit the facts. 

Outside of solution transport effects, electrode pro- 
cesses involve many complex phenomena occurring 
within a very narrow region at the electrode/solution 
interface. We have the advantage in electrochemistry 
that the over-all reaction rates can be controlled easily 
and measured by means of electric currents. We also 
easily can control the energetics of the surface by con- 
trolling its potential. We have the advantage, too, that 
electronic measuring equipment has been developed to 
an extremely advanced state so that we have a great 
variety of very accurate and sophisticated tools. In fact, 
the rate of advance in electronics is so fast that it is im- 
possible for the electrochemist to keep up with it. The 
really difficult problem is to translate our precise 
measurements with these tools into meaningful electro- 
chemical processes—in this, we have a long way to go. 
The tools are available; we need only a great deal of hard 
work and critical thinking to understand what we are 
measuring. 
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FUTURE MEETINGS OF 
The Electrochemical Society 


Indianapolis, Ind., April 30, May 1, 2, and 3, 1961 
Headquarters at the Claypool Hotel 
Sessions will be scheduled on 
Electric Insulation, Electronics (including Luminescence and 
Semiconductors), Electrothermics and Metallurgy, 
Industrial Electrolytics (including a 
Symposium on Fuel Cells), and 
Theoretical Electrochemistry 
(including a Symposium on Instrumentation) 


x 


Detroit, Mich., October 1, 2, 3, 4, and 5, 1961 
Headquarters at the Statler Hotel 
Sessions probably will be scheduled on 
Batteries, Corrosion, Electrodeposition (including 
symposia on Addition Agents and on Electrodeposited 
Magnetic Films), Electronics (Semiconductors), 
Electro-Organics, and Electrothermics and 
Metallurgy 


x «re 


Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962 
Headquarters at the Statler Hilton Hotel 


x 


Boston, Mass., September 16, 17, 18, 19, and 20, 1962 
Headquarters at the Statler Hilton Hotel 


Papers are now being solicited for the meeting to be held in Detroit, Mich., October 1-5, 
1961. Triplicate copies of each abstract (not exceeding 75 words in length) are due at Society 
Headquarters, 1860 Broadway, New York 23, N. Y., not later than May 15, 1961 in order to be 
included in the program. Please indicate on abstract for which Division's symposium the paper is to 
be scheduled, and underline the name of the author who will present the paper. No paper will be placed 
on the program unless one of the authors, or a qualified person designated by the authors, has agreed 
to present it in person. An author who wishes his paper considered for publication in the JouRNAL 
should send triplicate copies of the manuscript to the Managing Editor of the JournaL, 1860 Broad- 
way, New York 23, N.Y. 


Presentation of a paper at a technical meeting of the Society does not guarantee publication in 
the JournaL. However, all papers so presented become the property of The Electrochemical Society, 
and may not be published elsewhere, either in whole or in part, unless permission for release is re- 
quested of and granted by the Editor. Papers already published elsewhere, or submitted for publica- 
a elsewhere, are not acceptable for oral presentation except on invitation by a Divisional program 
Chairman. 
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Current Affairs 


Sigmund Schuldiner of the Naval 
Research Laboratory, Washington, 
D. C., was presented the second 
William Blum Award of the Wash- 
ington-Baltimore Section of The 
Electrochemical Society at a dinner 
at Brook Farm Restaurant on No- 
vember 17, 1960. (Mr. Schuldiner's 
award address appears on pp. 29C- 
30C of this issue.) 


The Blum Award, consisting of 
$100.00 and a certificate, is presented 
biennially to a member of the Local 
Section of The Electrochemical Soc- 
iety for outstanding contributions to 
electrochemistry. The award is 
named for Dr. William Blum, re- 
tired head of the Electrodeposition 
Section at the National Bureau of 
Standards, in honor of his distin- 
guished contributions to the theories 
and techniques of electrodeposition. 


Jerome Kruger, Chairman of the 
Washington-Baltimore Section, made 
the presentation citing the recipient 
for his contributions to the science 
of electrochemistry, 


with special 


Sigmund Schuldiner Receives William Blum Award 
of Washington-Baltimore Section 


Sigmund Schuldiner receives the sec- 
ond William Blum Award of the Wash- 


ington-Baltimore Section from Jerome 
Kruger, Chairman of the Section. 


reference to the hydrogen-producing 
reactions on noble metals. 

J. C. White, chief of the Electro- 
chemical Branch of the Chemistry 
Division of the Naval Research 
Laboratory, presented a brief résumé 
of the personal and professional 
achievements of the award recipient. 

During the past ten years, Mr. 
Schuldiner has developed techniques 
for studying electrode mechanisms 


using highly purified solutions in 
Tefion cells and using an electronic 
current interrupter to separate the 
various components of the over-all 
polarization potential. Using these 
techniques, he was able to deter- 
mine mechanisms and kinetics of 
hydrogen reaction on platinum, pal- 
ladium, and a number of other 
metals. In addition, mechanisms of 
transport of hydrogen and deuterium 
through platinum, palladium, and 
palladium-clad metals were deter- 
mined. 

Mr. Schuldiner was born in 
Chicago in 1913, and received his 
A.B. degree from New York Uni- 
versity in 1938 and his A.M. degree 
from Columbia in 1939. He worked 
briefly at the National Bureau of 
Standards, then at the Norfolk Naval 
Shipyard during the war. In 1946, 
he transferred to the Naval Re- 
search Laboratory where he worked 
in the Corrosion and Electrochemical 
Branches of the Chemistry Division. 
He now is head of the Electrode 
Mechanisms Section of the Electro- 
chemistry Branch. 


Section News 


News from India 


ISI and Batteries——The Indian 
Standards Institution (ISI) has two 
committees to prepare Indian Stand- 
ards covering the field of batteries: 
Primary Cells and Batteries Sec- 
tional Committee ETDC 10 and Sec- 
ondary Cells and Batteries Sectional 
Committee ETDC 11. The first com- 
mittee has published the following 
standards: (a) IS: 203-1958, Le- 
clanché type dry batteries for flash- 
lights (revised); (b) IS: 267-1958, 
Leclanché type inert cells (revised) ; 
(c) IS: 268-1959, Leclanché type sack 
cells (revised); (d) IS: 556-1960, 
Leclanché type radio batteries (re- 
vised); (e) IS: 586-1959, Leclanché 
type dry batteries for telecommuni- 
cation, signaling, and general pur- 


poses (revised); (f) IS: 1025-1957, 
Glossary of terms for primary cells 
and batteries. The subjects under 
study are: flashlight torches, batteries 
for photoflash lamps, batteries for 
hearing aids, batteries for transistor- 
ized equipment, terminals and con- 
nectors for primary batteries, and 
carbon rods for primary cells. 

The standards published by the 
Secondary Cells and Batteries Sec- 
tional Committee are: (a) IS: 395- 
1959, Lead-acid storage batteries 
(light duty) for motor vehicles (re- 
vised); (b) IS: 541-1954, Stationary 
accumulators (to be superseded); 
(c) IS: 985-1958, Lead-acid storage 
batteries (heavy duty) for motor 
vehicles; (d) IS: 1145-1957, Lead- 
acid storage batteries for motor cy- 
cles; (e) IS: 1147-1957, Glossary of 
terms for secondary cells and bat- 
teries. The following s.andards have 
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been finalized and are to be pub- 
lished shortly: (a) lead-acid storage 
batteries (24 v, 40 AH) for aircraft 
(aerobatic and nonaerobatic); (b) 
Hard rubber containers for storage 
batteries; (c) Stationary cells and 
batteries, lead-acid type (with tubu- 
lar positive plates); (d) Stationary 
cells and batteries, lead-acid type 
(with Plante positive plates). Bat- 
teries for miners’ cap lamps are 
under study. 

Potassium Chlorate Plant at Met- 
tur.—The potassium chlorate plant 
of the Mettur Chemical and Indus- 
trial Corp. Ltd., Mettur Dam R.S., 
was formally opened on August 30, 
1960 by the Chief Minister of Mad- 
ras. It was completely designed, 
fabricated, and erected by the tech- 
nicians of the company. The chlorate 
is produced by the electrolysis of 
potassium chloride between graphite 
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anodes and iron cathodes. The 6000- 
ampere “Mettur Cell’ incorporates 
several special design features in re- 
spect of placement of electrodes, 
cathode construction, cooling ar- 
rangement, etc. Twenty-four cells 
have been installed with a capacity 
of 624 tons per year. The setting up 
of this plant goes a long way in 
meeting the shortage of this chem- 
ical in India and also in saving for- 
eign exchange, The current annual 
production of chlorate in India is 
about 4300 tons, but the estimated 
demand after five years is 8000 to 
10,000 tons. The Mettur plant is the 
first of its kind to be installed in 
Madras State and the third in India. 

Expansion Program of Mettur 
Chemicals—The Mettur Cemical 
and Industrial Corp. Ltd. has in 
hand a big program of expansion of 
caustic soda production. The exist- 
ing capacity of 20 tons per day is 
proposed to be doubled during 1961. 
This will be achieved by the instal- 
lation of additional 10,000-ampere 
Hooker S diaphragm cells, and a 
new triple effect caustic soda evap- 
oration plant with a capacity of 50 
tons per day. The direct current for 
the electrolytic cells will be obtained 
from the latest type semiconductor 
silicon rectifiers. There also will be 
a new synthetic hydrochloric acid 
plant adequate to handle 18 tons of 
chlorine a day. 

Corrosion Refresher Course.—A 
five-week refresher course on “Cor- 
rosion and Its Prevention” was held 
at the Central Electrochemical Re- 
search Institute, Karaikudi, begin- 
ning November 7, 1960. It was open 
to persons sponsored by industrial 
organizations or government depart- 
ments. The topics for the course 
covered corrosion processes and 
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economics, and preventive measures, 
supplemented with extension lec- 
tures and practical work. 

Aluminum Industry in India.—A 
license has been granted to the 
Madras Aluminium Co. for installing 
a 10,000-ton-per-year plant at Met- 
tur, Madras. The State Government 
will participate financially, and the 
Italian firm Montecatini will be col- 
laborating financially and _ techni- 
cally. Another plant of 20,000 tons 
capacity in Maharashtra State is 
expected to be licensed. This project 
will be in collaboration with Alumi- 
num Corp. of America. 

India’s First Heavy-Electrical 
Plant.—The Heavy Electricals Fac- 
tory at Bhopal, the first of its kind 
in India and claimed to be the big- 
gest in Asia, started production in 
July 1960 according to schedule. It 
will produce switch-gears, control 
panels, power transformers, capaci- 
tors, traction motors, equipment for 
electric locomotives, industrial mo- 
tors, and generators. The plant will 
be in full stride in about seven 
years. The annual output is expected 
to be Rs.25 crores. 

New Patrons—India Section.—The 
following industries have become 
Patrons of the India Section: 1. 
Phoenix Chemical Works, Bombay; 
2. Navyug Industries, Bombay. 


T. L. Rama Char, 
India Correspondent 


Indianapolis Section 
The Indianapolis Local Section 
held its initial technical meeting of 
the current season on Tuesday, No- 
vember 22, 1960, at Butler University 
in Indianapolis. Two speakers were 
featured. This proved to be a well- 
received departure from our pre- 

vious programming activities. 


Our first speaker was John J. 
Lander, director of electrochemical 


research, Delco-Remy Division, 
General Motors Corp. His presenta- 
tion, entitled “Partial Plated Mono- 
layers of Silver on Gold,” dealt with 
a differing and most interesting in- 
terpretation of the data in the pa- 
pers of Byrne, Rogers, and Griese. 
Our second speaker was Dr. 
Thomas Murrell from the Computer 
Laboratory of the University of Il- 
linois, Urbana, Ill. His subject was 
“Recent Trends in Semiconductor 
Research.” Dr. Murrell spent several 
months in Europe last summer, Dur- 
ing this time, he visited a number 
of the foremost European organiza- 
tions in this field. His personal ob- 
servations contrasting current de- 
velopments and trends in Europe 
with those he observed during his 
last visit four years ago and with 
those prevalent in this country 
proved to be quite interesting. 


T. C. O’Nan, Sec.-Treas. 


New York Metropolitan Section 

A meeting of the Section was held 
at Victor’s Restaurant in New York 
City on November 16, 1960. Speaker 
of the evening was J. O’M. Bockris, 
professor of chemistry, University 
of Pennsylvania. Dr. Bockris re- 
viewed some recent work that has 
been done in the electrochemical 
laboratories of the university. 

In his discussion of the mechanism 
of deposition and dissolution of 
metals, he mentioned that the in- 
vestigation has permitted the appli- 
cation of the dislocation theory to 
electrochemistry for the first time. 
(When anions come into contact 
with an edge dislocation, the dislo- 
cation will grow if its length is 
greater than a critical value. The 


Manuscripts and Abstracts for Fall 1961 Meeting 


Papers are now being solicited for the Fall Meeting of the Society, to be held at the Statler Hotel in Detroit, 
Mich., October 1, 2, 3, 4, and 5, 1961. Technical sessions probably will be scheduled on Batteries, Corrosion, 
Electrodeposition (including symposia on Addition Agents and on Electrodeposited Magnetic Films), Electron- 
ics (Semiconductors), Electro-Organics, and Electrothermics and Metallurgy. 


To be considered for this meeting, triplicate copies of abstracts (not exceeding 75 words in length) must be 
received at Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than May 15, 1961. Please 
indicate on abstract for which Division’s symposium the paper is to be scheduled and underline the name of 
the author who will present the paper. No paper will be placed on the program unless one of the authors, or 
a qualified person designated by the authors, has agreed to present it in person. An author who wishes his paper 
considered for publication in the JouRNAL should send triplicate copies of the manuscript to the Managing Editor 
of the JourRNAL, 1860 Broadway, New York 23, N. Y. 


Presentation of a paper at a technical meeting of the Society does not guarantee publication in the JouRNAL. 
However, all papers so presented become the property of The Electrochemical Society, and may not be pub- 
lished elsewhere, either in whole or in part, unless permission for release is requested of and granted by the 
Editor. Papers already published elsewhere, or submitted for publication elsewhere, are not acceptable for 
oral presentation except on invitation by a Divisional program Chairman. 
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critical length decreases with in- 
crease in potential.) 

The adsorption of organic com- 
pounds at metal-solution interfaces 
depends on the type of compound. 
Working with liquid mercury, Dr. 
Bockris found that aliphatic and 
aromatic compounds had quite dif- 
ferent adsorption properties. The 
laboratory is developing methods of 
studying adsorption of compounds 
on solids under potential control. 

A method has been developed for 
the detection of the concentration 
of sub-monolayer deposition of hy- 
drogen (of the order of 10°” mols/ 
sq cm). Work performed on silver, 
copper, and iron indicates that re- 
sults of practical value can be ob- 
tained. 


J. L. Everhart 


Ontario-Quebec Section 

On November 1, 1960, the Ontario- 
Quebec Section held a Joint Dinner 
Meeting with the Toronto Section 
of the National Association of Cor- 
rosion Engineers. The program con- 
sisted of a paper entitled “New 
Light on Fuel Cells” by Norman 
Hollefriend of Canadian Allis-Chal- 
mers, followed by a showing of the 
film “Corrosion in Action.” 

Mr. Hollefriend outlined briefly 
the basic reactions of fuel cell op- 
eration, then went on to describe 
the progress which the Allis-Chal- 
mers organization has made in the 
development of a practical operating 
cell. The cell chosen by this com- 
pany is one which operates at low 
pressure and normal temperatures, 
using hydrogen as fuel. A standard- 
sized tractor has been operated suc- 
cessfully from a bank of these cells. 

The film “Corrosion in Action,” a 
sound and color movie which ex- 
plains how corrosion occurs and tells 
what can be done to control it, was 
introduced and commented on by 
Mr. R. J. Law of the International 
Nickel Co. 


R. A. Campbell, Sec.-Treas. 


San Francisco Section 

The second meeting of the 1960- 
1961 season was held November 16, 
1960 at the University of California 
Men’s Faculty Club. 

A panel discussion of “Micro Cir- 
cuit Systems” being developed at 
the Missiles and Space Division of 
Lockheed Aircraft Corp. was initi- 
ated by W. Dale Fuller, manager of 
their Microsystems Electronics Dept. 
He sketched the development from 
etched wiring circuitry through mi- 
cromodule to integrated solid-state 
circuit units. This represents a shift 
in thinking from component to cir- 
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Notice to Members 


According to the Constitu- 
tion of the Society, Article III, 
Section 9, “Any member delin- 
quent in dues after April 1 of 
each year shall no longer re- 
ceive the Society’s publica- 
tions. . . .” Such delinquents 
will not receive the May issue 
of the JourNAL. A reminder 
notice will be mailed to delin- 
quents about the middle of 
February and a final notice 
about the first week in April. 


cuit orientation. This development 
permits a significant improvement in 
the reliability of operation, and 
gives the added -advantages of 
smaller size and less power. 

Merle E. Sibert pzesented com- 
parative data on some electrical 
properties of a wide variety of re- 
fractory materials. Titanium and its 
oxide were selected as a suitable 
pair for circuit elements, and vari- 
ous experimental procedures for 
their formation were tried. 

Ross A. Quinn discussed the par- 
ticularly successful techniques now 
used in the formation of circuit 
blocks whereby titanium is therm- 
ally deposited on alumina for con- 
ductive elements, then oxidized in 
selected areas to produce resistive 
and capacitive elements. 

Dale Fuller finished the panel 
presentation with a discussion of 
the “transfer function” approach. 
This goes even beyond the circuit 
concept, and designs hardware to 
perform according to in-out black 
box transfer functions. Some useful 
new circuit elements have been in- 
vented in this approach. 

The meeting ended after a lively 
discussion. 


Worden Waring, Vice-Chairman 


New Members 


In January 1961, the following 
were elected to membership in The 
Electrochemical Society by the Ad- 
missions Committee: 


Active Sustaining Members 


T. F. Olt, Research Center, Armco 
Steel Corp., Middletown, Ohio 
(Electrothermics & Metallurgy) 


G. J. Wilson, National Cash Regis- 


ter Co., Main & K Sts., Dayton 9, 
Ohio (Electronics) 
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Active Members 


R. F. Amlie, Electric Storage Battery 
Co.; Mail add: 11 Olivia Dr., 
Yardley, Pa. (Battery) 


W. T. Biedler, III, Research Labs., 
United Aircraft Corp., Silver Lane, 
East Hartford 8, Conn. (Industrial 
Electrolytic, Theoretical Electro- 
chemistry) 


M. S. Chao, Dow Chemical Co.; Mail 
add: 415 E. Larkin St., Midland, 
Mich. (Industrial Electrolytic, 
Theoretical Electrochemistry) 


R. J. Cox, Pennsalt Chemicals Corp., 
Biddle Ave., Wyandotte, Mich. 
(Industrial Electrolytic) 


W. P. Cox, Rheem Semiconductor 
Corp.; Mail add: 3544 Constance 
Dr., San Jose 28, Calif. (Elec- 
tronics) 


S. N. Dermatis, Westinghouse Elec- 
tric Corp.; Mail add: 115 N. 4 St., 
Youngwood, Pa. (Electronics- 
Semiconductors) 


G. T. Croft, Pitney-Bowes Inc.; Mail 
add: 38 Dulan Dr., Stamford, 
Conn. (Battery) 


T. H. Dexter, Hooker Chemical 
Corp.; Mail add: Elliott Dr., Lew- 
iston, N. Y. (Corrosion) 


G. A. Di Pietro, Vacuum Specialties 
Co.; Mail add: 22 Country Club 
Rd., Arlington 74, Mass. (Electro- 
thermics & Metallurgy) 


R. A. Eppler, Fundamental Chemis- 
try Research Dept., Corning Glass 
Works, Corning, N. Y. (Electric 
Insulation, Electronics-Lumines- 
cence) 


L. A. Friedrich, Pratt & Whitney 
Aircraft (Canel); Mail add: 202 
Washington St., Hartford 6, Conn. 
(Electrodeposition, Electrother- 
mics & Metallurgy) 


T. M. Gladstein, Technion-Israel 
Institute of Technology, Library, 
P. O. Box 4910, Haifa, Israel 


R. E. Gonzalez, General Electric Co.; 
Mail add: 101 Jewell Dr., Liver- 
pool, N. Y. (Electronics-Semi- 
conductors) 


Ludwik Gutnajer, Budd Electronics 
Inc.; Mail add: 79 Barrow St., New 
York 14, N. Y. (Electronics) 


S. J. Guttman, Patterson-Moos Re- 
search Div. of Leesonia; Mail add: 
7004 Perry Terrace, Brooklyn 9, 
N. Y. (Battery) 


R. V. L. Hall, Bridgeport Brass Co., 
30 Grant St., Bridgeport 2, Conn. 
(Corrosion) 


R. P. Hamlen, General Engineering 
Lab., General Electric Co., One 
River Rd., Schenectady, N. Y. 
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By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for member- 
ship. 

Also, please note that, if sponsors 


sign the application form itself, 
processing can be expedited consid- 
erably. 


(Battery, Corrosion, Theoretical 
Electrochemistry) 


G. R. Hoey, Central Research Labs., 
Canadian Industries Ltd., McMas- 
terville, Que., Canada (Industrial 
Electrolytic) 


M. L. Hollander, American Smelting 
& Refining Co.; Mail add: 1338 E. 
7 St., Plainfield, N. J. (Electro- 
deposition, Industrial Electrolytic) 


C. E. Ingersoll, Williams Gold Refin- 
ing Co., Inc., 2978 Main St., Buffalo 
14, N. Y. (Electrodeposition) 


Vv. J. Jennings, Semiconductor 
Div., Westinghouse Electric Corp., 
Youngwood, Pa. (Electrodeposi- 
tion, Electronics-Semiconductors 
and Luminescence, Theoretical 
Electrochemistry) 


C. H. Layer, Battelle Memorial In- 
stitute; Mail add: 581 Harley Dr., 
Columbus, Ohio (Electrodeposi- 
tion) 


Bela Lombos, Northern Electric Co. 
Ltd.; Mail add: 3280 Linton Ave., 
Montreal, Que., Canada (Electron- 
ics-Semiconductors) 


R. L. Luce, Philco Corp., Lansdale 
Div.; Mail add: 5225 N. Front St., 
Philadelphia 20, Pa. (Electronics- 
Semiconductors) 


R. R. McWilliams, Semiconductor 
Div., Minneapolis-Honeywell, 1177 
Blue Heron Blvd., Riviera Beach, 
Fla. (Electronics-Semiconductors) 


D. A. Marino, Western Electric Co.; 
Mail add: 29 Winsor Place, Glen 
Ridge, N. J. (Electrodeposition) 


I. F. Matthysse, Burndy Corp., Nor- 
walk, Conn. (Industrial Electro- 
lytic) 


H. S. Miller, Lummus Co.; Mail add: 
310 Lexington Ave., New York 16, 
N. Y. (Battery, Corrosion, Electro- 
deposition, Industrial Electrolytic, 
Theoretical Electrochemistry) 


R. L. Myers, Borg-Warner Corp., In- 
gersoll Research Center; Mail add: 
1114 Merril St., Winetka, 
(Theoretical Electrochemistry) 


A. G. Ostroff, Socony Mobil Oil Co.; 
Mail add: 619 Misty Glen Lane, 
Dallas 32, Texas (Corrosion) 
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ECS Membership Statistics 

The following three tables give 
breakdown of membership as of 
Jan. 1, 1961. The Secretary’s Office 
feels that a regular accounting of 
membership will be very stimulating 
to membership committee activities. 
In Table I it should be noted that 
the totals appearing in the right- 
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hand column are not the sums of the 
figures in that line since members 
belong to more than one Division 
and, also, because Sustaining Mem- 
bers are not assigned to Divisions. 
But the totals listed are the total 
membership in each Section. In 
Table I, Sustaining Members have 
been credited to the various Sections. 


by Sections and Divisions 


Division 

° 2 “a ~ 
§ fe £ & 3 
Boston 18 37 14 37 8 5 25 10 28 5 168 177+ 9 
Chicago 25 33 10 38 29 16 19 14 35 7 134 1484 14 
Cleveland 54 28 1 47 42 8 30 30 38 6 198 192— 6 
Columbus, Ohio 5 14 2 13 13 2 30 § il 2 62 60— 2 
Detroit 21 21 4 51 17 8 9 7 38 6 97 1044 7 
India ’ 11 10 2 24 9 6 8 10 17 3 356 424+ 7 
Indianapolis 30 10 11 13 24 7 14 6 14 2 53 69+ 16 
Midlan 10 16 1 5 3 3 10 15 9 — 43 43 0 

Mohawk- 

Hudson 24 #17 8 19 1 13 i @ 5 70 76+ 6 
New York 107113 31 174 186 42 103 73 128 34 575 618+ 43 
Niagara Falls 13 19 2 2 11 180 168— 12 
Ontario- 

Quebec 8 20 2 13 4 93 92— 1 
Pacific 

Northwest 5 9 1 8 1— Ss hw 3 43 38+ 5 
Philadelphia 39 23 7 39 77 9 29 24 44 16 205 210+ 5 
Pittsburgh 4 46 5 30 1 136 133— 3 
ye: _— 14 14 1 28 34 3 16 21 24 3 78 98+ 20 

. Calif.- 

Nevada 23 25 5§ 3 09482 @ 4 135 1504 15 
Texas 4 23 2 14 41 3 9 24 31 1 0 103 +103 
Washington- 

Baltimore 38 39 9 38 27 5 14 7 25 2 140 1444 4 
U. S. Non- 

Section 61 70 11 76 68 32 64 51 84 25 452 349 —103 
Foreign Non- 

Section 61 66 15 71 38 29 49 64 83 80 285 3024 17 
Total as of 

Jan 1, 1960 479658 117 755 748198 569 502 718 331 3182 
Total as of 

Jan. 1, 1961 558660 153 790 855197 633 506 743 220 3316 +134 
Net Change +479 +2 +36 +35 +107 —1+464 44425 —111 +134 

Table Il. ECS Membership by Grade 

Total as Total as Net 
of 1/1/60 of 1/1/61 Change 
Active 2761 2895 +134 
Faraday (Active) 32 33 + 1 
Deutsche Bunsen Gesellschaft (Active) 18 17 — 1 
Delinquent 88 84 — 4 
Active Representative Patron Members 10 10 0 
Active Representative Sustaining Members 111 107 — 4 
Total Active Members 3020 3132 +112 
Life 1 16 — 1 
Emeritus 48 65 + 17 
Associate 33 39 + 6 
Student 57 43 — 14 
Honorary 7 7 0 
Total 3182 3316 +134 


The .— pertaining to Patron and Sustaining Member Representatives, and Faraday and 
Deutsche Bunsen Gesellschaft members subscribing to the Journat, have been added to reflect 
reclassifications and changes in membership status. 


Table II1. ECS Patron and Sustaining Membership 


Patron Member Companies 
Sustaining Member Companies 


Total as Total as Net 
of 1/1/60 of 1/1/61 Change 
5 5 0 
160 157 
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Stanley Pessok, General Instrument 
Corp., Semiconductor Div.; Mail 
add: 44 S. Munn Ave., East Or- 
ange, N. J. (Electronics-Semicon- 
ductors) 


R. W.’ Pickering, Electrolytic Zinc 
Co., G.P.O. Box 377D, Hobart, Tas- 
mania, Australia (Electrothermics 
& Metallurgy, Industrial Electro- 
lytic) 


M. E. Richardson, Central Research 
Labs., Daystrom Inc., 620 Passaic 
Ave., West Caldwell, N. J. (Elec- 
tronics) 


W. W. Robertson Aluminum Co. of 
Canada, Arvida, Que., Canada (In- 
dustrial Electrolytic) 


Nathan Sclar, Nuclear Corp. of 
America, 2 Richwood Pl., Denville, 
N. J. (Electronics-Semiconduc- 
tors) 


L. E. Sharif, Texas Instruments Inc.; 
Mail add: 5023 Gaston Ave., Dal- 
las, Texas (Electronics) 


I. L. Smith, General Electric Co.; 
Mail add: 2344 Belvoir Blvd., 
Cleveland 21, Ohio (Electronics) 


D. F. Stahr, Syntron Co., Homer 
City, Pa. (Electronics-Semicon- 
ductors, Theoretical Electrochem- 
istry) 


W. B. Stephenson, Jr., General Elec- 
tric Co., Flight Propulsion Div.; 
Mail add: 2434 St. Albans Ave., 
Cincinnati 13, Ohio (Electrodepo- 
sition) 

Cc. G. Thornton, Lansdale Div., Philco 
Corp., Lansdale, Pa. (Electronics- 
Semiconductors) 


Atsuyuki Ueno, Applied Chemistry 
Div., Nihon University, 5-1 Kanda 
Surugadai Chiyoda-Ku, Tokyo, Ja- 
pan (Electrodeposition, Electro- 
Organic, Industrial Electrolytic) 


Jay Utken, P. R. Mallory & Co., Inc.; 
Mail add: 2130 Cord St., Indi- 
anapolis 24, Ind. (Electric Insula- 
tion, Electronics, Electrothermics & 
Metallurgy) 


Banyat Viryasiri, Battery Organiza- 
tion; Mail add: 463 Rama IV Rad., 
Bangkok, Thailand (Battery) 


Jaroslav Vnuk, Bateria Slany, Neto- 
vicka 875, Slany, Czechoslovakia 
(Battery) 


P. R. Voyentzie, Sonotone Corp.; 
Mail add: Shadowy Lane, West 
Milford, N. J. (Battery, Theoreti- 
cal Electrochemistry) 


H. L. Watkins, National Cash Regis- 
ter Co.; Mail add: 1512 W. 96 St., 
Los Angeles 47, Calif. (Electro- 
deposition) 


B. J. Welch, Reduction Research 
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Lab., Reynolds Metals Co.; Mail 
add: 233 Bayless Ave., Florence, 
Ala. (Electrothermics & Metal- 
lurgy, Industrial Electrolytic, The- 
oretical Electrochemistry) 


T. A. Whatley, Lockheed Aircraft 
Corp., Space & Missiles Div.; Mail 
add: 686 Cypress St., Sunnyvale, 
Calif. (Battery) 


A. J. Whitney, U. S. Industrial 
Chemicals Co., State Rd., Ashta- 
bula, Ohio (Industrial Electro- 
lytic) 


C. R. Wilson, United Gas Corp., P. O. 
Box 1407, Shreveport, La. (Bat- 
tery) 


Associate Members 


N. P. Cerniglia, Sylvania Electric 
Products Inc., 100 Sylvan Rd., Wo- 
burn, Mass. (Electronics-Semicon- 
ductors) 


E. T.-K. Chow, National Cash Regis- 
ter Co., Electronics Div.; Mail add: 
4932 Imlay Ave., Culver City, 
Calif. (Electrodeposition, Electron- 
ics- Semiconductors, Theoretical 
Electrochemistry) 


L. J. Douglas, National Cash Regis- 
ter Co., Electronics Div.; Mail add: 
1864 S. Virginia Rd., Los Angeles, 
Calif. (Electrodeposition, Electron- 
ics—Semiconductors, Theoretical 
Electrochemistry) 


W. R. Johnson, U. S. Steel Research 
Center, Monroeville, Pa. (Electro- 
deposition) 


C. A. Rivera, R.C.A.; Mail add: 16 
Willet St., Bloomfield, N. J. (Elec- 
tronics-Semiconductors) 


Student Member 


G. E. Smith, Dept. of Chemistry, 
Michigan State University, East 
Lansing, Mich. (Battery, Elec- 
tronics-Semiconductors and Lumi- 
nescence, Theoretical Electrochem- 
istry) 


Notice to Members and 
Subscribers 
(Re Changes of Address) 


To insure receipt of each 
issue of the JouRNAL, please be 
sure to give us your old ad- 
dress, as well as your new one, 
when you move. Our records 
are filed by states and cities, 
not by individual names. The 
Post Office does not forward 
magazines. 
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Reinstatement to Active Membership 


A. W. Dimond, Canadian Carborun- 
dum Co. Ltd.; Mail add: 78 St. 
Peter Ave., Niagara Falls, Ont., 
Canada (Electrothermics & Metal- 
lurgy) 


Deceased 


C. S. Taylor, Chinook, Wash. 
Harry Hey, Melbourne, Australia 


Personals 


V. Aravamuthan has been pro- 
moted to assistant director, Central 
Electrochemical Research Institute, 
Karaikudi, India. 


Lawrence G. Bockstie, Jr., pre- 
viously with the Research Div. of 
the Philco Corp. in Philadelphia, 
Pa., recently took a position as 
senior product development engineer 
at the Electronic Components Div. 
of Corning Glass Works, Bradford, 
Pa. 


A. R. Lytle, formerly director of 
research of the Metals Research 
Labs. of the Electro Metallurgical 
Co., Div. of Union Carbide Corp., 
New York City, now is senior con- 
sultant of the Electric Welding Dept. 
of the Linde Co., Div. of Union Car- 
bide, New York City. 


Clarence K. Morehouse recently 
joined the Globe Battery Co., Div. 
of Globe Union Inc., Milwaukee, 
Wis., as vice-president of engineer- 
ing. He had been affiliated with the 
Semiconductor and Materials Div. of 
the Radio Corp. of America, Somer- 
ville, N. J. 


T. L. Rama Char and K. S. G. Doss, 
both of India, have become Fellows 
of the Physical Society, London, 
with the amalgamation of the Insti- 
tute of Physics and the Physical Soc- 
iety 

M. S. Thacker, New Delhi, India, 
has been elected chairman of the 


Commonwealth Scientific Committee 
for the term beginning 1961. 


News Items 


1960 Annual Index 

The Annual Index for Vol. 107 
(1960) of the JOURNAL appears on 
pn. i-x of this issue. Reprints of 
ine Index may be obtained about 
the middle of March by writing to 
The Electrochemical Society, 1860 
Broadway, New York 23, N. Y. 


4 
| 
£ 
| 


Vol. 108, No. 2 


New ECS Sustaining Member 
Armco Steel Corporation, Middle- 
town, Ohio, recently became a Sus- 
taining Member of The Electrochem- 
ical Society. 


Gallium Alloys for Low-Temperature 
Bonding 

The National Bureau of Standards, 
in a project sponsored by the Air 
Force, has developed gallium alloys 
for the low-temperature bonding of 
wires to heat-sensitive electronic 
devices, such as transistors. These 
alloys, which are soft when mixed at 
room temperature, resist tempera- 
tures up to 900°C after hardening. 
It also has been found that they can 
be used to “cold solder” certain ce- 
ramic and metallic surfaces. 

To form gallium-based alloys, 
weighed portions of liquid gallium 
(mp 29.9°C) and a finely powdered 
metal thoroughly are mixed in a 
Teflon beaker. After several min- 
utes’ mixing, during which the gal- 
lium “wets” the other metal, the 
alloy is ready for use. 

Various combinations of gallium 
with copper, gold, nickel, and silver 
were prepared and tested in the 
program. Tin was added to several 
of the gallium-copper alloys, and 
acted to delay the initial set. Prac- 
tical batches as small as 0.1 g were 
prepared, which was sufficient to 
attach several electrodes to a sur- 
face. It was found that unused por- 
tions of gallium-gold alloys could 
be preserved for later use if refrig- 
erated before hardening had oc- 
curred. 

Expansion tests on various gai- 
lium alloys indicated that as much 
as 10% expansion may occur during 
hardening. This expansion is not of 
critical importance, however, as the 
soft-packed metal will generally 
compress itself rather than damage 
the material in which it is imbedded. 
The addition of aluminum oxide to 
gallium-gold alloys resulted in bet- 
ter bonding in cavities of barium ti- 
tanate, perhaps by reducing the 
thermal expansion of the mixture. 


G. E. Combination 
Thermionic-Thermoelectric Energy 
Converter 

General Electric engineers have 
operated a combination thermionic- 
thermoelectric energy converter 
which, without additional heat in- 
put, produced twice as much power 
as a thermionic converter alone. 

Using “waste” heat rejected by 
the thermionic converter, a thermo- 
electric generator (essentially a ther- 
mocouple) produced significant boosts 
in both power output and efficiencv. 
The work was done by I. T. Saldi, 


CURRENT AFFAIRS 


37C 


ECS Indianapolis Meeting, April 30-May 3, 1961 


The Spring Meeting of The Elec- 
trochemical Society will be held in 
Indianapolis, Ind., from April 30 
through May 3, 1961. Headquarters 
will be at the Claypool Hotel. The 
General Chairman of the meeting is 
A. M. Max. 

Technical sessions will be held 
on: Electric Insulation (Thin Dielec- 
tric Films; Epoxy Resins); Electron- 
ics-Luminescence; Electronics-Semi- 
conductors (Crystal Growth and 
Structure; Semiconductor Surfaces; 
Compound Semiconductors; Device 
Processing and Characterization; 
Diffusion-Oxidation; Etching); Elec- 
trothermics and Metallurgy (High- 
Temperature Materials; Extractive 


Metallurgy; Ultrafine Particles—Pro- 
duction; Properties; Particle Size 
Measurement and Surface Effects); 
Industrial Electrolytic—General; In- 
dustrial Electrolytic — Theoretical 
Electrochemistry — Battery Joint 
Symposium on Fuel Cells; Industrial 
Electrolytic—Battery Joint Sympo- 
sium on Fuel Cells; Theoretical Elec- 
trochemistry (General Session and 
Symposium on Modern Instrumenta- 
tion and Techniques of Electrochem- 
ical Measurements). 

The complete program, including 
general information and 75-word 
abstracts of papers to be presented, 
will appear in the March JouRNAL. 


of the company’s Power Tube Dept., 
as part of a study to prove the feasi- 
bility of the cascaded device. 

The new device takes advantage 
of the fact that thermionic conver- 
sion is most efficient at higher tem- 
peratures while a_ thermoelectric 
generator works best at relatively 
lower temperatures. 

In the developmental work, a 
General Electric production-type 
vacuum thermionic converter (Z- 
5386) was “sandwiched” with a 
zinc-antimonide constantan thermo- 
electric generator, designed by W. J. 
van der Grinten, of the company’s 
Electronics Lab., Syracuse, N. Y. 

The thermionic converter, running 
at a cathode temperature of 875°C 
(well below its normal operating 
temperature) produced 0.2 w. At the 
same time, the thermoelectric gen- 
erator produced 0.34 w at a hot- 
junction temperature of 350° and a 
heat sink temperature of 100°C. This 
increase in system power output 
without more heat input indicates 
that the system efficiency also was 
doubled. The heat source was pro- 
pane gas. 

When operated at a cathode tem- 
perature of 1150°C, the thermionic 
converter produces 1 w with about 
2.5% efficiency. If the waste heat 
from a Z-5386, operated at this 
cathode temperature, were to be 
used to power a lead-telluride ther- 
moelectric generator, the power out- 
put of the cascaded system would be 
expected to be about 2 w and effi- 
ciency about 5-6%, the company’s 
engineers said. Ultimate efficiencies 
as high as 16% are possible. 


1961 Temperature Symposium 
The technical program now is 
complete for the most comprehensive 


meeting ever held on the subject of 
temperature measurement. About 200 
papers will cover temperature meas- 
urements from absolute zero to 10,- 
000,000°K with interests ranging 
from the temperature of the human 
body to the temperature of the sun. 
Almost every area of the physical, 
biological, and medical sciences will 
be represented at the 1961 Sympo- 
sium on “Temperature, Its Measure- 
ment and Control in Science and 
Industry,” to be held in Columbus, 
Ohio, March 27-31, 1961. The con- 
ference is sponsored by the Amer- 
ican Institute of Physics, the Instru- 
ment Society of America, and the 
National Bureau of Standards. 

Temperature ranks as one of the 
most important of the physical 
quantities, and its measurement and 
understanding have provided some 
of the most difficult and challenging 
problems in experimental and the- 
oretical physics. The 200 papers 
scheduled for presentation come 
from universities, government and 
military research laboratories, and 
industrial research laboratories in 
this country, as well as from re- 
search centers in Australia, Ger- 
many, Netherlands, Canada, Soviet 
Russia, and Great Britain. 

The symposium is organized into 
16 sessions, devoted to such topics 
as: Basic Concepts of Temperature, 
Temperature Scales, Thermocouples, 
Resistance Thermometers, Gas Ther- 
mometers, Spectroscopic Methods, 
Pyrometry, Miscellaneous Methods, 
Automatic Methods for Measurement 
and Control, Measurement in Dy- 
namic Systems, Special Sources of 
Temperature, Cryogenics, Plasmas, 
Temperature Measurement in Geo- 
physics, Temperature Measurement 
in Astrophysics, and Temperature 
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Measurement 
Medicine. 

Some of the most recent advances 
in high-temperature and low-tem- 
perature measurements will be de- 
scribed in the papers delivered at 
the symposium. Interest in the 
higher regions is sparked by the 
great efforts being made in plasma 
physics. At the lower end of the 
scale, there is great interest in ex- 
tending the International Practical 
Temperature Scale down to the re- 
gion of 1°K. 

Persons interested in the sympo- 
sium can obtain further information 
by writing to V. W. Sikora, Instru- 
ment Society of America, 313 Sixth 
Ave., Pittsburgh 22, Pa. 


in Biophysics and 


Clevite-Shockley Transistor 
Building Under Construction 
Maurice Hanafin, general manager 
of the Shockley Transistor unit of 
Clevite Transistor, recently an- 
nounced that construction had begun 
on the new Shockley Transistor fa- 
cility in Palo Alto, Calif. 

The new building, the first of four 
to be built in the new center, will 
consolidate the administration, re- 
search, production, and marketing 
operations that have grown into 
three separate buildings in Palo Alto 
and nearby Mountain View. The first 
unit will be a one-million-dollar 
building located on the ten-acre site 
at the corner of Page Mill Rd. and 
Junipero Serra Blvd. in Stanford 
Industrial Park, Palo Alto. Approx- 
imately 250 employees will occupy 
the building on completion this 
spring. Plans provide for a four- 
building complex which will ulti- 
mately provide over 200,000 square 
feet of working area. 

Because of the precise manufac- 
turing procedures required in the 
production of Shockley four-layer 
diodes, the building will be com- 
pletely air-conditioned with addi- 
tional special control of temperature, 
humidity, and dust in critical manu- 
facturing areas. Even during con- 
struction, unusual precautions will 
be necessary. Particular care will be 
taken not to “build dust” into the 
building. Dirt and dust will be 
throughly eliminated as each phase 
of the construction is completed. 

The company was founded in 1955 
by Dr. William Shockley, co-winner 
of the Nobel Prize in Physics, as the 
Shockley Semiconductor Laboratory 
of Beckman Instruments. From an 
exclusively research and develop- 
ment organization, the company has 
become a quantitv producer of a 
unique semiconductor device. 

The Shockley organization re- 
cently became a part of Clevite 
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Transistor of Waltham, Mass., which 
is in turn a division of Clevite Corp. 
in Cleveland, Ohio. 


Literature 
from Industry 


MACro Brite 2, a new single-im- 
mersion, clear chromate conversion 
coating for zinc plate, may be used 
in applications requiring a low-cost, 
blue-bright finish with improved 
corrosion protection. Parts may be 
processed on racks, in barrels, or in 
bulk. 

Technical Data Sheet No. 58 is 
available from MacDermid Inc., 
Waterbury, Conn. 


MACro Brite L-6, a new leach- 
type, clear chromate conversion 
coating, produces clear white bright, 
clear blue bright, or iridescent 
bronze chromate coatings on zinc or 
cadmium plate or zinc die castings. 
These coatings have a higher corro- 
sion resistance than clear coatings 
and provide an excellent base for 
organic coatings. 

Technical Data Sheet No. 61 is 
available from MacDermid Inc., 
Waterbury, Conn. 


MACro Brite C-9, a new single- 
dip, clear chromate conversion coat- 
ing for cadmium offers protection 
against fingerprinting, staining, and 
the formation of white corrosion 
products. No liquid acid is required 
to make up the solution, so carboys 
are eliminated and controls are 
simplified. 

Technical Data Sheet No. 73 is 
available from MacDermid Inc., 
Waterbury, Conn. 


Employment Situations 


Positions Available 

Glass-Ceramics—Ph.D. or perhaps 
M.S. for advanced work with glasses 
and ceramics for special applications 
in semiconductor devices. Profes- 
sional level in Research and Devel- 
opment Department. Basic research 
is desired as well as some applica- 
tions to particular devices. Please 
send detailed résumé including sal- 
ary requirements to Mr. Don Pal- 
mer, Fairchild Semiconductor Cor- 
poration, 844 Charleston Road, Palo 
Alto, California. Interviews for 
qualified applicants will be arranged 
from anywhere in the United States. 
All inquiries strictly confidential 
and acknowledged. 
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Surface Physics—Ph.D. or pos- 
sibly M.S. for research on surface 
physics of semiconductors. Some 
experience is advantageous but not 
essential. Professional level in Re- 
search and Development Depart- 
ment. Well-equipped laboratory near 
major universities. Please send de- 
tailed résumé including salary re- 
quirements to Mr. Don Palmer, 
Fairchild Semiconductor Corpora- 
tion, 844 Charleston Road, Palo Alto, 
California. Interviews for qualified 
applicants will be arranged from 
anywhere in the United States. All 
inquiries strictly confidential and 
acknowledged. 


Four challenging research positions 
for experienced surface chemists, in 
fully-equipped laboratory devoted to 
research and development on alum- 
inum and copper alloys, involving: 
A. Electrochemical kinetics, adsorp- 
tion, and oxide film structure inves- 
tigations related to finishing pro- 
cesses. B. Studies of interfacial 
surface reactions between polymeric 
resins and metal oxide surfaces 
relating to strength and permanence 
of joints in the adhesive bonding of 
metals. C. Mechanisms relating to 
surface phenomena, associated with 
liquid metal-solid metal inter-action 
as applied to soldering and brazing. 
D. Surface and electrochemical re- 
actions effecting the kinetics of gen- 
eral, localized, and stress corrosion 
processes. Pleasant living, with ac- 
cess to major university. Send reply 
to R. H. Endriss, Personnel Manager, 
Olin Mathieson Chemical Corp., 125 
Munson St., New Haven, Conn. 


Position Wanted 


Chemical Engineer—B.S., regis- 
tered professional engineer, 17 years 
of electrolytic background including 
development and production of tan- 
talum capacitors, development in 
electrodeposition processes, corro- 
sion. Desires responsible position in 
development or production work. 
Reply to Box No. 371, c/o The Elec- 
trochemical Society, 1860 Broadway, 
New York 23, N. Y. 


Advertiser's Index 


Great Lakes Carbon Corp., 
Electrode Division Cover 2 
E. H. Sargent & Company 28C 


Stackpole Carbon Company 27C 
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Patron Members 


Aluminum Co. of Canada, Ltd., 
Montreal, Que., Canada 


International Nickel Co., Inc., 
New York, N. Y. 
Olin Mathieson Chemical Corp., 
Chemicals Div., Industrial Chemicals 
Development Dept., Niagara Falls, N. Y. 
Union Carbide Corp. 
Divisions: 
Union Carbide Metals Co., 
New York, N. Y. 
National Carbon Co., New York, N. Y. 
Westinghouse Electric Corp., Pittsburgh, Pa. 


Sustaining Members 


Air Reduction Co., Inc., 
New York, N. Y. 
Ajax Electro Metallurgical Corp., 
Philadelphia, Pa. 
Allen-Bradley Co., Milwaukee, Wis. 
Allied Chemical & Dye Corp. 
General Chemical Div., Morristown, N. J. 
Solvay Process Div., Syracuse, N. Y. 
(3 memberships) 
Allied Research Products, Inc., 
Detroit, Mich. 
Alloy Steel Products Co., Inc., Linden, N. J. 


Aluminum Co. of America, 
New Kensington, Pa. 


American Metal Climax, Inc., 
New York, N. Y. 
American Potash & Chemical Corp., 
Los Angeles, Calif. (2 memberships) 
American Smelting and Refining Co., 
South Plainfield, N. J. 
American Zinc Co. of Illinois, 
East St. Louis, Ill. 
American Zinc, Lead & Smelting Co., 
St. Louis, Mo. 
American Zine Oxide Co., Columbus, Ohio 
M. Ames Chemical Works, Inc., 
Glens Falls, N. Y. 
Armco Steel Corp., Middletown, Ohio 
Basic Inc., Maple Grove, Ohio 
Bell Telephone Laboratories, Inc., 
New York, N. Y. (2 memberships) 
Bethlehem Steel Co., Bethlehem, Pa. 
(2 memberships) 
Boeing Airplane Co., Seattle, Wash. 


Burgess Battery Co., Freeport, Ill. 
(4 memberships) 


The Electrochemical Society 


Canadian Industries Ltd., Montreal, Que., 
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